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TRANSLATOR’S PREFACE 


Tuts edition differs to a considerable extent from the Second 
German Edition of Dr. Kolthoff’s useful treatise. The author 
has supplied material for a new chapter (the second), which deals 
with amphoteric compounds from the standpoint of the modern 
conceptions of Bjerrum. 

Numerous other additions, that were also supplied by Dr. 
Kolthoff, will be found distributed throughout the remainder of 
the text. Most noteworthy among them are: Data on new sul- 
phone phthalein indicators, p. 61. Extension of the ideas 
developed in Chapter II to the explanation of the behavior of 
methyl orange (p. 64), and methyl red (p. 65). Description 
of a new set of buffer mixtures that can be prepared without 
the use of standard acid or base (pp. 147 ff). An improvement in 
the double wedge method (p. 159). Extensive new data on the 
salt error (pp. 174 ff). New material dealing with measurement of 
py in alcoholic solutions (pp. 184 ff). Revision of the section on 
distilled water (pp. 188 ff). The Bibliographies of the various 
chapters and the tables (I-IV) have been brought up to date. 

The translator has added author and subject indices, which 
should greatly enhance the usefulness of the volume. 

THE TRANSLATOR. 


Princeton, N. J, 
January, 1926. 
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PREFACE TO THE FIRST GERMAN EDITION 


Tue chief uses of indicators are the determination of end- 
points of neutralizations, and the colorimetric estimation of 
hydrogen-ion concentration. An indicator which is used in the 
neutralization of an acid or base must alter its color, or as we 
usually say “change,” at the exact equivalence-point. The 
concentration of hydrogen ion is not always the same at the 
equivalence-point; it depends on the dissociation constant of the 
acid or base with which one titrates. Hence it is not possible 
to use the same indicator for all neutralizations. The choice of 
the most suitable indicator is therefore dependent upon the 
properties of the acids or bases in question. It is advisable 
to discuss the process of neutralization at length if its full sig- 
nificance is to be grasped. This is done in the first chapter. 
The relation between the color change of an indicator and the 
hydrogen-ion concentration is considered in the second chapter. 
The closely related topic of the use of indicators in neutralizations 
is treated in Chapter III. 

During the past decade indicators have found rapidly increas- 
ing use in the determination of hydrogen-ion concentration (cf. 
Chapter V). In Chapter IV we give a full discussion of the 
manner in which the color of an indicator solution is affected by 
factors other than the hydrogen-ion concentration. The color- 
imetric method employs an indirect procedure; the results must 
therefore be compared with the results obtained by a standard 
method under strictly comparable conditions. The colorimetric 
method is well adapted to various uses because of its rapidity. 

An indicator paper is an extremely handy device for deter- 
mining the reaction of a fluid. In the sixth chapter we discuss 
the properties of these papers, together with the possibility of 


vil 


vill PREFACE TO THE FIRST GERMAN DEITION 


their use in the quantitative determination of py. Finally, 
in Chapter VII, we give a brief theoretical résumé of the under- 
lying causes of color change. Hantzsch concluded, as a result 
of his numerous investigations, that the early theory of Wilhelm 
Ostwald was decidedly incorrect. Since Ostwald’s theory offers 
very many advantages from a didactic standpoint, his defini- 
tions have been altered to such an extent that they no longer 
contradict the views of Hantzsch. The viewpoint of Julius 
Stieglitz was extremely useful in this connection. 

This treatise makes no pretension of enumerating all of the 
facts relating to indicators. The organic chemical domain has 
been omitted from consideration because Thiel’s excellent 
monograph ‘Der Stand der Indikatorenfrage” (1912) is almost 
entirely devoted to this subject. Niels Bjerrum has dealt 
exhaustively with indicators from the physico-chemical side 
in his excellent paper “‘Die Theorie der alkalimetrischen und 
azidimetrischen Titrierungen”’ (1914). The author is especially 
indebted to the latter. The excellent treatises of E. B. R. 
Prideaux, ‘Theory and Application of Indicators” (1918), and 
of W. Mansfield Clark, ‘‘The Determination of Hydrogen Ions” 
(1920), did not come to hand until this manuscript was ready 
for the press. Where it was necessary, the views of these latter 
authors were considered. Grateful acknowledgment is made 
of the use of Clark’s complete list in compiling the literature 
summary of Chapter V. 

In this treatise an attempt has been made to place the prac- 
tical use of indicators in the foreground without neglecting 
theoretical considerations. The author hopes that he has accom- 
plished his purpose, namely: To present a practical manual to 
all who use the various indicators in titrations, or in the colori- 
metric determination of hydrogen-ion concentration, without 
troubling them too much with difficult physico-chemical deriva- 
tions. 

THE AUTHOR. 


UTRECHT, 
September, 1921, 


PREFACE TO THE SECOND GERMAN EDITION 


THE steadily increasing interest in the investigation of the 
significance of hydrogen-ion concentration in problems of 
Chemistry, theoretical and applied, Biochemistry, and Bac- 
teriology, justify the assumption that the first edition of this 
book filled a real need because, among others, the subject of the 
simple colorimetric determination of hydrogen-ion concentration 
was fully discussed. That many found this little volume useful 
was indicated by the favorable notices in the journals, and the 
rapid exhaustion of the first edition. 

Since the arrangement of the subject matter seemed to be 
satisfactory from a practical standpoint, it has been left unaltered 
in preparing the second edition. There are only a few altera- 
tions in the text; a large number of additions have been made, 
the most important of which are enumerated below. 

In Chapter I is given a graphic device from which [H+] may 
be derived directly from py, and conversely. In addition, a 
graphic method has been adapted from Schoorl. This device 
enables one to read off the degree of dissociation in solutions of 
weak acids and bases, given the dissociation constants and con- 
centrations. 

The case of acid salts is discussed under the topic of hydrolysis. 
The calculation of the hydrogen-ion concentration of dibasic 
acids is considered in the discussion of acids. The important 
views of Donald D. Van Slyke have been incorporated in the 
section on Buffer Action, and the strength of the buffering action 
has been expressed quantitatively as buffer capacity. 

Finally, the neutralization curves of mixtures of two acids 
of different dissociation constants are discussed in the section 
on neutralization curves at the end of the chapter. 
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An especially full discussion of the most important properties 
of indicators is introduced in the second chapter. ‘This is cor- 
related, as far as possible, with the well-known tables of Schultz 
and Julius. We find repeatedly that a dye which may be used 
as an indicator is brought on the market in varying degrees of 
purity. It therefore seemed desirable to give brief descriptions 
of the indicators to serve as criteria. A full discussion is given 
of the changes in sensitivity of indicators at higher tempera- 
tures. The behavior of indicators in alcoholic solution is 
detailed in a special section. 

In Chapter III special attention is paid to the use of Clark 
and Lubs’ sulphone phthaleins. In a special section there is an 
account of the titration of mixtures of acids, or of bases with 
very different dissociation constants. 

The fourth chapter, in which the colorimetric determination 
of hydrogen-ion concentration is explained, has been fully 
revised in every section. 

Various additions have been made, in the fifth chapter, con- 
cerning the significance of hydrogen-ion concentration in the 
different fields of chemistry. The bearing of hydrogen-ion con- 
centration in various fields is explained by examples; reference is 
given to the literature. 

Some new papers are added to the chapter on indicator 
papers. 

Finally, the list of dissociation constants of acids and bases 
has been extended. Especial attention is called to the fact that 
many of the values, given in the first edition, of dissociation con- 
stants of the alkaloids have been replaced by new ones. An 
investigation showed that many of the values given in the lit- 
erature were erroneous even in order of magnitude. 

The author will welcome constructive criticisms and requests 
for further additions. 


THE AUTHOR. 
UTRECHT, 
July, 1923, 
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Page 52, table, read glycylglycine: ky = 10-™-7°. 
Page 74, 12th line from top, read Ia‘ye = 0.1. 
Page 123, line 2, for 0.99Ki, read 0.099Ky. 


Page 174, heading of table and heading of second column, for — 
Salt Error read Corrections for Salt Error. 


Page 174, line 11, for cresol phthalein read orthocresolsulphone 
phthalein. 


Page 175, heading of table and heading of last column, for Salt 
Error read Corrections for Salt Error. 


Page 175, line 3 from bottom, for thymol phthalein read thymol 
sulphone phthalein. 


Page 176, line 7 from bottom, for Zoller and Harper read Zoller, 
Harper F. 


Page i78, heading of table and heading of last column, for Salt 
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CHAPTER I 
NEUTRALIZATIONS 


1. The Principle of Neutralizations.—A quantitative neu- 
tralization consists in the determination of the concentration 
of an acid by titration with a base to form neutral salt. The 
concentration of a base is determined in a similar manner. If 
we represent the acid by the expression HA and the base by the 
formula BOH, the reaction is represented by the equation: 


HA +BOH—>BA+H:20. ... . (1) 


According to the electrolytic dissociation theory, electrolytes 
are partially split into ions in aqueous solution. Hence the acid 
HA is partially split into H-ions and A-ions, BOH into B-ions 
and OH-ions, and the salt BA into B-ions and A-ions. Hence 
equation (1) may be written more appropriately in the form: 

H++A-+B++OH-—A-+B++H,20. . (2) 

In other words, A~ and B+ are not affected by the reaction, 
since they are present both before and after reaction. The 
change, therefore, consists solely in the union of H+ and OH- 
to form water: 

H+ + OH- 2 H20. Sea ye eS) 

The purest water is dissociated to an extremely small extent 
into H+ and OH-, so that equation (3) must be written as a 
reversible reaction. When equilibrium has been established we 
may formulate the mass law expression: 


phe OeT 
(E20) Sl or ck Cae Oe et) 
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The brackets signify molecular concentrations of the various 
substances. 

If we are dealing with dilute aqueous solutions the concen- 
tration of water may be assumed to be constant. Equation (4) 


then becomes: 
[H+] x [OH-| aK ie Ky,0. Oe ete (5) 


Equation (5) is of fundamental importance in analytical 
neutralizations. Ky,o is the dissociation constant, or more 
accurately, the ionization constant, or the ion product of water. 
Water dissociates to an exceedingly small extent with simul- 
taneous formation of hydrogen and hydroxyl ions. The ioniza- 
tion constant is very small. It has been determined by various 
investigators, with excellent agreement. The constant varies 
strongly with temperature change. The following table gives 
the values of the dissociation constant of water at various tem- 
peratures, according to Kohlrausch and Heydweiller (1).! 


DISSOCIATION (IONIZATION) CONSTANT OF WATER AT DIFFERENT TEMPERATURES 


Temperature Ky,0 PH20 
0° 0.12X<10>** 14.93 

18° 0.59x10—4 14.23 

DSS 1.041074 13.98 

50° S(T SRS 

100° By, Ss 12.24 


2. The Reaction of a Liquid.—In pure water the concentra- 
tration of hydrogen ion is equal to that of hydroxyl ion. If, for 
sake of simplicity, we set Ky,o = 10—'*, then for pure water: 

[HP = (OH a2 104 
or 
[Ho] = |OHe | =al0ee 


Hence 10,000,000 liters of water contain 1 g. hydrogen ion 
and 17 g. of hydroxyl ion. In acid solutions the concentration 
of [H+] is greater than that of [OH-] and in alkaline solutions the 


1 See also p. 248, Table I. 


THE REACTION OF A LIQUID 3 


reverse is true. The product of the two concentrations is 
constant. 

If the value of [H+] is greater than 10-7 we say that the 
reaction is acid. If [OH~-] is greater than 10-7, the solution 
is alkaline; if [H+] = [OH~-] = 10-’, the solution is neutral. 

We have assumed here that the temperature is 23°, so that 
eae 1074. 

From equation (5) it follows that: 


Kuo 


B= Gap © 
and 
(OH-] = Fee. Ses ee) 


When [H+] is known [OH~-] may be calculated, and con- 
versely. Friedenthal (2) has recommended that the reaction of a 
solution, even though it be alkaline, be expressed in terms of 
hydrogen-ion concentration. The [OH~] may then be calcu- 
lated with the aid of equation (7). 

It has been found more practical for various purposes not 
to express hydrogen-ion concentration as such, but rather by its 
negative (Briggsian) logarithm, or by the logarithm of its recip- 
rocal. This proposal is due to Sérensen (3), who calls the 
number the hydrogen exponent and designates it by the symbol 
pu. Then we have: 


©, log [H+] a log ity, 


ag (ay 


[H+] = 10-*x, 
For example: 
[H+] = 10-5, pa = 5.0, 
[H+] = 3 xX 10-5 = 1009-5 = 10-452, py = 4.52. 
Conversely, corresponding to pu = 4.3 we have 


[H+] = 10-43 = 10-5+07 = 5 x 10-8, 


We may deduce [H*] graphically from pu, or the reverse, 
very simply as shown in Fig. 1. The py scale is divided into 
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ten equal parts from 0.0 to 1.0. The corresponding [H+] scale 
is laid off logarithmically. Each decimal of the hydrogen 
exponent corresponds to the hydrogen-ion concentration value 
on the lower row. (Fig. 1.) 

If we define the hydroxyl exponent in the same manner as 
the hydrogen exponent, and call the negative logarithm of Ky,0 
pu,o, then it follows from equation (5) that: 


pu se pou = puo- . . ise : . (8) 


Fic. 1.—Relation between pu and (H*]. 


If Ku,0 is 10-4, then pu,o is 14. Hence from equation (8) 
pu aR Pou = 25 . . . . re (9) 


In pure water fa =fon = 7. We may therefore define the 
reaction of a liquid as follows: 


Pu = pon = 7 Neutral reaction. 
pu <7 < pou Acid reaction. 
bu > 71> pox Alkaline reaction. 


The smaller the hydrogen exponent the more acid the fluid, 
and the smaller the hydroxyl exponent the more strongly alkaline 
is the liquid. A decrease of one unit in hydrogen exponent 
means a tenfold increase in. hydrogen-ion concentration. The 
use of the hydrogen exponent rather than [H+] offers especial 
advantages in graphical representations. 

Recently D. Giribaldo, Annales soc. espan. fis. quim. 22, 
555 (1924); Chem. Abst., 19, 1218 (1925), has proposed that the 
reaction be expressed by the ratio of [H+] to [OH-]. This 
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expression gives large numbers; it is much simplified by using 
logarithms. 


log [H+] — log [OH-] = — pa + Pou: 


The expression is zero at neutral reaction; positive when the 
reaction is acid, and negative with alkaline reaction. A dis- 
advantage is that Ky,o must be known for all cases when this 
expression is used. Moreover the expression does not give the 
true acidity, but a relative value. The author does not recom- 
mend it for general use. 

3. Acids and Bases.—Substances which split off hydrogen 
ions in aqueous solution are called acids. There are quantitative 
differences in the strength of the acidic or basic characteristics 
of the various acids or bases. The greater the degree of dissocia- 
tion, the stronger is the acid or base in question. 

If we denote an acid by HA, it is dissociated as follows: 


HA 2 BAS .8 ee eee tO) 
Then, according to the law of mass action: 


[H+] x [A7] 
—-=Ky,. ..... (il 
[HA] — cee 
Kya denotes the dissociation constant of the acid and [HA] is 
the concentration of the undissociated acid. In a pure aqueous 
solution of an acid [H+] = [A-]. In such a solution therefore: 


alee 9 as ae ; 


[HA] [HA] 


a Kua, 


or 
Vesa = V KualHAl. (12) 
This equation is not valid for strong acids. It holds for 
medium strong and weak acids. If we calculate the degree of 
dissociation a for a weak acid with the aid of equation (11) we 
usually find that ac (which is equal to the hydrogen-ion concen- 
tration of a pure acid solution) is small in comparison with the 


total concentration c, so that it may be neglected without great 


6 NEUTRALIZATIONS 


error. Hence we may substitute for [HA] the total acid con- 
centration c. Equation (12) then becomes: 


(F+] = Kan Gee 


If we wish to calculate pu, and if we call the negative logarithm 
of Kya the acid exponent pua, then 


da = dfma —floge. . . . . =. (14) 


The following example illustrates the fact that we may set 
[HA] equal to c in many cases: 

The dissociation constant of acetic acid is 1.8 & 10~* at 18°. 
Ostwald’s dilution law, which may be readily derived, is: 


rede OG 


= aoa Kua, 2) Ree, (15) 


where c represents total acid concentration, a the degree of dis- 
sociation : 
V is the dilution and is the reciprocal of the concentra- 
tion, c; 
and Kya is the dissociation constant. 


In the following table a has been calculated for different 
concentrations (c) and expressed as per cent of c. 


Kua = 1.8 X 10° 


, 100c {H*] Calc. by [H+] Calc. by Ain 
Means of (15) Means of (13) Per Cent 
+ iL) 15010 me SW) Sars 0 
ae ed 1.06107 £067 Xx10m: 0) 
sty ded OFS><1053 ONS eam 0) 
roe 4.7 Osim 0.376X 1073 125 
oer 107 0.121073 0.135 10-3 10 


If a is known, the [H+] is equal to ac and may be calculated 
rapidly. 

One fact which may be derived from the table is that 0.1 N 
acetic acid is about 1 per cent dissociated into its ions. In cal-- 
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culating the hydrogen-ion concentration of this solution we may 
assume without appreciable error that the concentration of the 
undissociated portion is equal to the total concentration. We 
obtain the same result, i.e., that in 0.1 N solution [H+] = 1.35 
X 10-8, both by the simplified calculation neglecting a (equation 
13) and by the more exact calculation including a (equation 15). 

Equation (13) retains its validity only in cases where Kya 
is small and the dilution is not too great. If the degree of dis- 
sociation can no longer be neglected we must use equation (12) 
for the calculation of [H+]; we may write the equation thus: 


(tie Ke (oes. . «a ms ee 16) 
or 
@23 
[H+] = oe ey 


It is important to know under what conditions we may use 
the simple equation (13) for the calculation of the dissociation 
constant, if we will allow no greater error than about 1 per cent 
in the derivation. 

In the following derivation, use is made of an observation of 
M. J. E. Verschaffelt (4) in a footnote of a publication by 
N. Schoorl (4). 


According to Ostwald’s dilution law we have: 


2 


a r 
eee ges Keke 8 ys nis oe ele? Cae ES 
(1 —a)V so (15) 
hence 
a = Kea Vil i a). 
As a first approximation: 
a =o KyaV, 


and as a second approximation, 


peste Rai), 


or 


(t —4VKgV)V KuaV= 


R 
I 
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If the error is to be smaller than 1, then we must have 


a Rav <a OO 
or 


Kev = Kura < 0.0004 < 4 X 10-4, 
C 


The limit of usefulness of equation (13) is therefore dependent 
on the magnitude of the quotient of the dissociation constant 
divided by concentration. 
If this is smaller than 
4 X 10-4 the value calcu- 
lated by means of equation 
(13) will not differ more 
than 1 per cent from the 
correct value. If the 
quotient is greater, the 
dissociated fraction must 
be subtracted from the 
total concentration. The 
hydrogen-ion _concentra- 
tion is then calculated by 
means of the quadratic 
equation (17). 

N. Schoorl (7) has de- 
vised a graphic construc- 
La OPI EL eee: tlOn With thesaid oemmme 
P+P, one can read off the degree 

Fic. 2.Relation between a, Kya, and V. of dissociation of any acid 
solution (provided Ost- 
wald’s dilution law holds) for values given of KyaV. 

We can deduce from equation (15) that: 


OS 3KuaV = V1K2a4V? ae Kaa. 


In this equation a has become a function of KV alone. We 
may calculate the degree of dissociation a which corresponds 
to various KV values and assemble the values in a graph. Such 
a graphic representation is presented in Fig. 2. Instead of 
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KuaV or Kya we have plotted their negative logarithms, 
Pru. + pv OF Py, — Pe on the horizontal axis. The corre- 
sponding degree of dissociation may be read off at once from the 
left-hand ordinate. 

The corresponding negative logarithm of a, namely p,, is 
given on the right-hand ordinate. The points on curve 1 
were calculated from the exact equation; those on the dotted 
curve 2 by the simple equation (13). We see that both curves 
coincide when px + py is greater than 3. From curve 3 one 
may find — loga = py. 

Exampte: If pxu, + py is equal to 3 (which is the case for 
0.02 N acetic acid) then 100a is equal to 3. 

If we have read off the value of a from the corresponding 
value of px, + py, we may derive therefrom the hydrogen 
exponent. For in every case: 


ia TS 
= = [H+ 


fu = — log a + log V = p. — py = Pa + Pe 


In this equation /, is the negative logarithm of the degree of 
dissociation and /, is the negative logarithm of the concentra- 
tion. 

Hence in 0.02 N acetic acid p, = 1.52 and p, = 1.70, there- 


fore: 
pu = 1.52 + 1.70 = 3.22. 


In the case of a dibasic acid there are two dissociation con- 


stants: 
HoA @ H+ + HA-, 


HA-2@H++A-, 


ee [H+] [HA-] 

Ky = rape Sees sae el ae (19) 
(FLAS 

Ke = Thess F (20) 


The value of K; must be used for the calculation of [H*] in the 
solution of a free acid, so that all of the considerations which 
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have been advanced for monobasic acids hold in this case also. 
This is especially true for most ordinary cases where the two 
constants are considerably different, for in this case the second 
dissociation step is of very minor importance. 

When the relations are such that the second stage in the 
dissociation may not be neglected we may nevertheless calculate 
the hydrogen-ion concentration in such an acid solution by means 
of a complicated equation. 

The sum of the positive ion concentrations is equal to that 
of the negative because the solution is electrically neutral. 
Hence 

[Hp [HAS | 2A eee 
further 
[H2AJ = c¢ —[HF)- (A=) FS ez) 


where c represents the total concentration of the acid. 
It follows from equations (19) and (20) that: 


[H2A] [HA-] 


[H+] a tre. = [A=] Ko, 

a [H2A] [A=] K 

2 2 

Wee ie <i ee) 
As deduced above: 
[HeA] = ¢ — [H+] + [A>], [Aq] = 24 sine 

and 

eye cratia 

[HA-] = H+ | Ki. 


From these four equations we find that 
[H+}§ + [H+?Ki — [H+] (Kic — KiKe) = 2KiKec. (24) 


This equation has various uses. If [H+] has been determined 
in two acid solutions of different concentration, we have two 
equations from which K; and Ke may be found very simply, since 
they are the only unknewns. 

Conversely, we may calculate the hydrogen-ion concentration 
of a dibasic acid solution if the two constants are known. 
Although the solution of a third degree equation is not simple, 
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we may derive the correct value by trial. It is simpler to pro- 
ceed as follows: 


As a first approximation, in the solution of a dibasic acid, 
[H+] = [HA], 


because the first dissociation step always takes place to a much 
greater extent than the second. Hence from equation (19) it 
is approximately true that: 


[A=] = Ke. 


If we have calculated [H+] on the assumption that the acid in 
its pure solution behaves as a monobasic acid, and if Ke is known, 
we can at once decide whether it is permissible to disregard the 
second stage of the dissociation. If we have calculated [H+] 
= 10-%, for example, and if Ke is 10-6, the second dissociation 
step does not need to be considered. On the other hand, if we 
find that [H+] is 10-+, and if Ke is 10-5, then [A=] is approxi- 
mately 10-5, and the roughly corrected value of [H+] is: 


[H+] = 10+ + 10-5 = 1.1 x 10-4. 


The correction is actually smaller because we have assumed 
that [H+] is equal to [HA~], which is not strictly true. 

If an approximate value of [H*+| has been found in the above 
fashion, the exact value may be derived quickly from equation 
(24). 
ILLUSTRATION: Phthalic acid: 


Ky=10%, Ko=:3 xX 10. ¢ = 0.1: 
[H+] = 9.5 x 103 

(it is assumed that phthalic acid acts as a monobasic acid), 
[A-] = 3 xX 10-6. 


The second dissociation step may be neglected. 


¢ = 0.001 :[H+] = 6.2 X 10-4, [A-] =3 x 10-6. 
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In this case also the second step may be neglected. 
Tartaric Acid: K, = 10-3: Ke =9 X 10~. 


= NO eee 


9.5 xX 10-3, [A=] =9 x 10-5, 

The second dissociation step may be neglected. 

c = 0.001: [H+] = 6.2 X 10-4* (as a monobasic acid), 
[A=] = 9° 10-% 


The [H+] corrected approximately for the second dissociation 
step becomes: 


[H+] = 6.2 X 10-4 +9 x 10-5 = 7.1 X 10-4. 
According to equation (24) the exact value is 
TH+] = 6.9 10-4. 


Succinic acid (Ki = 6.55 x 10-5; Ko = 6 X 10-° behaves 
about like phthalic acid, although the first dissociation constant 
of the former is only tenfold greater than its second. 

The considerations which have been advanced for acids hold 
equally well for bases, except that in the latter case [OH~] is 
calculated. From equation (5) (p. 2) we may derive [H+] 
directly. 

We will next consider the dissociation constants of the much- 
used acids and bases, together with their hydrogen-ion concen- 
trations and exponents, py, in 0.1 N solution. Ky,o is assumed 
to be10— 4" at 13°<2 

The great difference between acidity found by titration, and 
actual or true acidity, which corresponds to hydrogen-ion con- 
centration, is very evident in the following table. The acidity 
found by titration is equal to the total acid concentration, and 
it is measured by the amount of alkali which is equivalent to the 
acid. The acidity, or alkalinity, as found by titration, is the 
same for all substances in the following table, whereas the actual 
acidities are very different. 


* Cf. Table III, p. 249 ff. 


HYDROLYSIS OF SALTS 13 
DISSOCIATION CONSTANTS OF SomE Acmps AND Bases at 18° 
{H*] in 0.1 N Solution (4) 
+ . 
K Kk K {HT} in 0.1 
: ? : N Solution | ?# 
Strony acids......... | Not possible 
Lorstatey | dle morte er mira oon O04 1.05 
Garbonle acid. .). oa. S204 10S ON 10s ae, zo Om 3.91 
1A a mY De | (saturated) 
Phosphoric acid. ..... Pe LO eS LOR SeO 610, SOL 10m2y ei 52 
10 —2:05 107-87 1Q712+44 
BROMO ACI carats serene HO a U0 ae ley ctr Relea ee 7.411076 als} 
10—9-26 
Hivdrogenisulphide.../6 1072 8) X105% 222... .. 7.7610 4.11 
1077-22 107141 
PCebIG ACI. cA cece d. 1 RSS SL rig Ss er ge eee eso Ome 2.87 
1074-75 
Okcalic act, ~o%-3: ot. See Oe Hee OSC LO =o Mee ewe Gro 1052 ideals} 
10—1-42 10—4:31 
TSENG ee ea oo ee LO BS 0 hese VARI Nas Do ofan UAE fe ey ee 3.16X10-° 5.50 
Strong bases. 2.5... +. Not possible 
Pm SLATE H WILK. SN Beer. eee aor 16.6 K107- | 13.18 
IAWPMONIA Jes. «aia <2 - i OVS ey 1 Ieee ofan | Cee sR 4.421072} 11.35 
10—4:77 
yridine@.... = 2. .so » S210 a eee Soc Were see 4.68X10-" | 9.33 
10—8-80 
GC 2 ee Se Cl OMEN Pete cee oes antl Seciistses eee 0) Sr e 9.00 
10—9:-46 


4. Hydrolysis of Salts——When a salt is dissolved in water 
it is partially decomposed by the water into acid and base. This 
change is illustrated by the equation: 


BA + H20 = BOH + HA. 


In the equation BA denotes salt, BOH base, and HA the acid. 
Since BOH and HA react to form water, the reaction is reversible 
as indicated above. 

It is better to explain hydrolysis by the assumption that the 
ions of the salt BA react with water. 


follows: 


B+ + H.0 @ BOH + Ht, 
A- + H20 @ HA + OH-. 


This may be pictured as 


(25) 
(26) 
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If we consider the salt of a strong acid with an equally 
strong base, hydrolysis may be completely ignored, because BOH. 
and HA are equally dissociated in dilute solution. The equi- 
libria represented in equations (25) and (26) are displaced com- 
pletely to the left. The solution has a neutral reaction. 

If, on the other hand, we have to deal with the salt of a strong 
acid with a weak base, or of a weak acid with a strong base, the 
salt will be hydrolyzed to a notable degree in aqueous solution. 
In the first case the decomposition represented in equation (26) 
may be ignored. One may conclude from equation (25) that 
such a solution will react acid and will contain a certain amount 
of undissociated base, which is equivalent to the hydrogen-ion 
concentration. In the second case the solution reacts alkaline 
and contains an excess of hydroxyl ions together with an equiv- 
lent concentration of undissociated acid, HA. 

Finally, if we consider the solution of a salt of a weak acid 
and a weak base, we find that both reactions (25) and (26) 
take place simultaneously. Although the solution of such a salt, 
ammonium acetate, for example, may be exactly neutral, it 
contains, nevertheless, a definite concentration of free undis- 
sociated acid and base. 

5. Calculation of Hydrogen-Ion Concentration and Degree 
of Hydrolysis.—(a) If we consider the solution of a salt which 
was formed from a strong base and strong acid, we find that it 
is not appreciably hydrolyzed. The hydrogen-ion concentra- 
tion of such a solution is the same as that of pure water, namely 
10-7; px = 7. Actually this would only be the case if the salt 
were dissolved in exactly neutral water. Practically it is better 
to say that a “neutral salt’? does not change the reaction 
of water. 

(b) Hydrolysis of a Salt of a Weak Acid and Strong Base at 
Room Temperature.—As has been stated, the solution of such a 
salt reacts alkaline, and hence contains an excess of hydroxyl 
ions. Considering equation (26) it is evident that equivalent 
concentrations of HA and OH~ are formed by hydrolysis. This 
is strictly true on the assumption that the base is strong 
and is completely dissociated. We may apply the law of 
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mass action to the equilibrium represented in equation (26), 
We find: 


[HA] xX [OH-] fF 
- eK, © ann OH 
[A-] X [H20] a?) 
From this equation, by setting concentration of water equal 
to a constant we have: 
[HA] x [OH-] 
[A-] 
This constant is called the hydrolysis constant, Kuyg, We 
have considered the relations: 


a Ragas . . . . . (28) 


Ht) x (A> e 
ea = Kua, . . . . . (11) 
and 
ive (ON sii Ka... ee OS) 
From (11) and (28) it follows that: 
OH >). fH 
ee am Koyyay 
and since 
[H+] x [OH-] = Ku,0,; 
r Kuo 
= a ae 9 
Koya. | al (2 ) 


It has been stated that in a salt solution [HA] is equal 
to [OH]. If the salt is completely ionized [A~] is equal to c, 
if c is the total concentration of the salt. From (28) and (29) 


it follows that: 
[OHP? _ Ku,o 
c Kya’ 


OH] = aes... GO) 
HA 
ie ye bee ee © SK) 


Pon = epuc ty OP Ge 5 7: (32) 


31f it is only permissible to assume that the salt is partly dissociated, [A7] 
equals c, a being the degree of dissociation (or better the activity coefficient), 
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Since py is 14 — pon, we find for such a solution: 
pu = 7+ 3foa+7loge.. ers ee (33) 


In calculating the hydrolysis of a solution of a salt of a 
strong acid and a weak base we find instead of (30) the equa- 
tion: 


[Et] fe ena 
BOH 
pu = if = > PBou — 3 log C. . : - . (35) 


ILLUSTRATION: Desired the hydrogen-ion concentration of a 
N solution of ammonium chloride. We use in this calculation 
c¢ = 1 and ppou = 4.75. 


pu = 7 — 2.375 = 4.625, 


ive., [H+] lies between 10-* and 10-5 and equals 2.37 X 10-5, 
as has been established by direct measurement. 

The degree of hydrolysis of a salt, expressed in per cent of its 
concentration, is for salts of strong acid—weak base type: 

je ee (36) 
G 

When the degree of hydrolysis is very small (8 < 1 per cent), 
we can not assume that [BOH] = [H*] (or in the reverse case 
that [HA] = [OH~]) because the concentration of the hydrogen 
and hydroxyl ions of water must be considered. The equation 
from which py may be calculated in this case is very compli- 
cated, and is better omitted from our consideration (cf. Bjerrum, 
1914). 

(c) Hydrolysis of a Salt of Weak Acid and Weak Base.—In 


this instance we must consider the decompositions represented 


equation (33) then becomes: 


fo= 1+ }bHattlogat+tloge . . . . . (33a) 
And equation (35) becomes: 


fu =1—tPpon —tloga—iloge. . .... (35a) 
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by both (25) and (26). If the reaction of the solution does not 
change, equal amounts of undissociated BOH and HA are formed. 


B++H,O2@BOH+Ht+, ... . (25) 
A=PHZO eA OH-, . . 020) 
i} OH HO. at 


It may be immediately deduced from (25) that 


: Kino 
Kjaer eet we sw el (29 
1 hyd. [aia ( ) 
And it follows from (26) that 
Ko hyd. — kK. . . . . . . (29) 


The hydrolysis constants are therefore inversely proportional 
to the dissociation constants of the acid and base. 

If we consider the salt of an acid and base such that Kya 
is much greater than Kyou, the aqueous solution must react 
acid. We can not draw the conclusion from (25) that 
[H+] = [BOH], since most of the hydrogen ions are removed by 
union with A-ions to form HA. Only when the hydrogen ion 
concentration is not too far removed from 10~’, ie., when it is 
not greater than 10~®, are we justified in the assumption that 
[BOH] = [HA]. According to (25) [H+] and [BOH] should be 
equal. This is not the case, because the H-ions are removed by 
formation of HA. If the original hydrogen-ion concentration 
were unaltered by this process, [BOH] would be exactly as large 
as [HA], because the hydroxyl ions formed by the hydrolysis 
would be removed with the formation of BOH. Since the 
hydrogen-ion concentration is small at the end of the process 
between (10-* and 10-8) we may assume without great error 
that the concentrations of the acid and base which form are equal, 
ie., [BOH] = [HA]. We are now in a position to calculate the 
hydrogen-ion concentration, the hydrogen exponent, and the 
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degree of hydrolysis from the usual equations. As was pre- 
viously shown: 


[BOH] X[H*] _ Ko = = (3) 


[B*] Kyou’ 
[HA] x [OH] _ Kuo 
an he seni 
[A-] Kua 2 
By multiplication of (29) and (34) we have 
[BOH] x [HA] _ Kyo 


[B+] x [A-] is Kua X Kson 
Assuming fhat the salt is completely dissociated and that its 
concentration is c, we have [B+] = [A-] =c. As has been 
pointed out, [BOH] = [HA]. Then we have: 


[BOH|? = [HA/? a Kuo (37) 
CG ig Kya x Kyou 
[BOH] = [HA] = c,| os A (38) 
Kua X Keon ; 


= log [BOH] = — log (HA] = — loge 4-7 — 3s —“gpeon 29) 


If we represent the degree of hydrolysis, expressed in per cent, 
by 8, we have: 


100[BOH] | INex® 
C Kua X Kgou ) 


Since [BOH] is known we may calculate [H+] simply from (34). 
Thus: 


é K C K 
Ha = x H20 a Rane Bris 
Be [BOH] © Kyou Ky,0 ‘. Ksou 
N Kua X Keou 
Rearranging, we have: 
K ke. 

[H+] = anne os ee eS 
ba = fese 3 Pua 3 >Pzon: ee as 6 (42) 


We may deduce [OH~] and fox in similar fashion. It follows 
from (40) and (41) that the degree of hydrolysis and the hydrogen 
exponent are independent of the concentration of salt provided 
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that it is completely dissociated. If this is not the case, and if 


a is the degree of dissociation, or activity coefficient, it may be 
deduced that: 


[BOH] = JHA}.= 


ac Kuno 
r re ? 
Kya X Keon 


(38a) 


Ko 
8 = 100a,|- SER ee 
NR Rect oy) 


EXAMPLE: We may consider ammonium acetate as a simple 
illustration. The dissociation constant of acetic acid is 10-475, 
That of ammonia is the same, ie., 10-475, It follows from 
(42) that in a solution of ammonium acetate 


ee TO =o 7 2 37) = 70. 


A solution of ammonium acetate is exactly neutral. The degree 
of hydrolysis of ammonium acetate in aqueous solution, expressed 
in hundredths of the concentration is: 


10-14 
p = 1004/19 = 10-°*5'= 0.563 per cent. 


In an 0.1 N ammonium acetate solution the content of undis- 
sociated acetic acid and ammonia is about 0.0006 N. 

THE Hyprotysis oF AMMONIUM FoRMATE: Since formic acid 
is more highly dissociated than ammonia, the solution of their 
salt has an acid reaction: 


FB tora acid — LUV Se ote Kyu, =e 10-475, 


The hydrogen exponent of an aqueous solution of ammonium 


formate is 
Pu = 7+ 1.835 — 2.375 = 6.46. 


By determining the hydrogen exponent of such a salt solution 
(which may be done easily with the aid of indicators, as we shall 
see later) we can readily ascertain whether the solution contains 
an excess of free acid or base. The hydrolysis of ammonium 
carbonate is much more complicated (cf. Wegscheider (6)). 

(d) Hydrolysis of Acid Salts—If we consider the salt of 
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a dibasic acid, BHA, in aqueous solution it is almost com- 
pletely dissociated in the sense of the equation: 


BHA = Bt + HA-. 
The ion HA~ acts as an acid: 
HA= Ht Ae 


In this case we can not set [H+] = [A=] as in an ordinary acid 
solution. Part of the hydrogen ions is used up by the reaction: 


HA> + Hta BoAW ee ene) 
From the last two equations it follows at once that: 
[As] [H7]-- [BeAl 2 252 eee 
According to equations (19) and (20) we have: 
oe a 
=| = Ss ine 0° pag le eee 
[A ] (H+ Ko, ( ) 
and 
igre EOUEEE (20) 
Ki 


If we assume that the electrolytic dissociation of the salt 
BHA is complete, then [HA~] may be set equal to the total salt 
concentration c. (If it is not permissible to assume complete 
dissociation, [HA~] = ac.) 

From equations (45), (19) and (20) it may be found that 


Ki Koc 
+) = 
[H+] Near te ere) 


Noyes (7) was the first to derive an equation of this type. 

From the last equation it follows that the concentration of the 
solution of an acid salt has only a small influence on its hydrogen- 
ion concentration. This is especially true when K; is small in 
comparison with c. We may write c instead of Ki +c, and 
equation (46) becomes 


[H#]_= VKiko. cee eee 


You can always make an approximate calculation of the 
hydrogen-ion concentration of an acid salt with the aid of the 
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last equation. The correct value is found if ¢ is 100 fold greater 
than K;. In special cases equation (46) must be used. 


EXAMPLE: Sodium Bicarbonate: K, = 3X 10-7, Ke = 
(hea Wes 


c = 0.1 molar: 
[H+] = VKiKo = 4.35 X 10-°, pa = 8.37. 
In 0.001 molar solution the same value is found. 
Sodium bitartraie: K; = 110-3, Ko =9 x 10-5, 
c¢ = 0.1 molar: 
[H+] = VER 
c = 0.001 molar: 


lI 


3X 10-4, pa = 3.52. 


Ki Koc 
Kite 


(H+) = . = 2.1 X 10-4, pa = 3.68. 

In the latter case the concentration has a perceptible influence 
on the reaction of the solution. 

6. Hydrolysis at Higher Temperatures.—The equations 
which have been presented for the equilibria of the products of 
hydrolysis are also valid at higher temperatures. The degree 
of hydrolysis and also py is dependent upon Ky,o and Kya or 
Kzou. The influence of heat upon the dissociation constants 
of many acids and bases is‘small. Noyes (8) has determined the 
dissociation constants of acetic acid and ammonia for different 
temperatures. 


t 0° 18° 25% 50° 100° 
Nceiiora cis: Kar 4 ier! aias oe oe USO ON LOS Site terre: «| Petree tor eo Ome 
Ammonium hydroxide, 
LES ois Gea Eee 13.9 10—917.2X10~818 .0OX 10-818 .1 10418 .5 10-8 


Although we may neglect the change in the dissociation con- 
stant of an acid or base under the influence of temperature 
change, there remains a change in the degree of hydrolysis, 
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because of the dissociation constant, or more accurately the 
ionization constant of water, increases with temperature rise. 

The ionization constant of water is about 100 times as large 
at 100° as at room temperature. 

As was shown previously (p. 16) we may calculate py in the 
solution of a salt of a strong acid and weak base by the equation: 


pu = 3Pm,0 — Pnon — Zloge. . . . (35) 


1,0 is equal to 7 at room temperature, and at 100° it equals 
6 approximately. Hence py is about one unit smaller at 100° 
and the reaction is one unit more acid. 

Conversely, in the solution of a salt of a weak acid and 
strong base at 100°, the hydroxyl-ion exponent is smaller by 
a similaramount. ‘The effect of concentration is of course taken 
into account. 

In solutions of salts of weak acids and weak bases py and pou 
decrease to about the same extent with increase in temperature. 

7. The Reaction in a Mixture of a Weak Acid with its Salt, 
or a Weak Base with its Salt. Buffer Mixtures or Regulators.— 
A weak acid is dissociated to a very small extent intoions. Ifitis 
under the influence of its salt the dissociation is further repressed 
by the common ion effect. On the other hand the salt is highly 
dissociated. We may therefore’ assume without great error 
that in the mixture of a weak acid and its salt the [HA] is equal 
to the total amount of acid, and that the salt is completely dis- 
sociated. According to equation (11): 


[Hx Ash 


[HA] = Kean 5 . . . . (11) 
Hence it follows that: 
HA 
[H+] = i) x Kya. . . . . . (48) 


If [HA] = [A-], which is the case if equivalent amounts of acid 
and salt are present, the hydrogen-ion concentration is equal to 
the dissociation constant of the acid. It follows from (48) that: 


pu = log Cs — log Cana + Pua. eae 29) 
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Cs denotes salt concentration and Cag that of acid. py, is 
again the negative logarithm of the dissociation constant. 

In a similar manner Pow and hence py may be calculated for 
a mixture of a base and its salt. 

If we wish to prepare a solution which is strongly acid, we 
need only dilute the solution of a strong acid to the proper 
extent. For example, we may prepare a. solution of py = 2 
from hydrogen chloride (i.e., 0.01 N HCl). If, however, we wish 
to prepare a solution of py 3 to 7 we cannot do so with sufficient 
accuracy by this process. If, for example, we wish to prepare 
an hydrochloric acid solution of py = 6 we must dilute until the 
concentration is 10~-®, or about millionth normal. Naturally 
we can not be sure of the value of such a solution. Even a trace 
of alkali, which the glass vessel might yield, would be sufficient 
to alter the py from 6 to about 8. On the other hand the small 
amount of carbonic acid which distilled water absorbs from the 
atmosphere makes the liquid decidedly acid. 

Likewise, we can prepare only strongly basic solutions by 
dilution of the base itself. If we wish to prepare solutions 
which are feebly alkaline, i.e., with py between about 11 and 7, 
we must proceed in a different manner. 

As explained above, we may prepare solutions of desired py 
by mixing a weak acid or base with the salt in appropriate pro- 
portions. It follows from equation (48) that small amounts of 
strong acids or bases have only a slight influence on the py of 
such mixtures; small amounts of alkali from the glass, or of 
carbon dioxide from the atmosphere, will have no perceptible 
effect. Sdrensen (3) calls these mixtures which resist changes 
in their reaction ‘‘ Buffer Mixtures.” L. Michaelis (9) coined the 
name “ Regulators ”; aN bs might also call them Ampholytes, 
because they react in an “ amphoteric ”’ fashion. 

All mixtures of weak acids and their salts or of weak bases and 
their salts are therefore: Buffer mixtures, or regulators, or ampho- 
lytes. 

Fels (10) was the first to use such buffer mixtures. They 
have been very frequently used by Sérensen (3). As we shall 
see (Chap. V) they are almost indispensable in the colorimetric 
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determination of hydrogen-ion concentration. We note that the 
hydrogen- or hydroxyl-ion concentration always lies close to 
that of the acid or base which is used. If the acid and salt 
concentrations are equal, 


Pu = Pua. 

If we let the relation of acid to salt equal 100, we have 
pu Fa Pua ees 

On the other hand if the relation is +5, then 


pu = Pua ree 


It is not permissible to make this relation greater than 100 
or less than ;3>, for the buffer action fails. We may say that in 
general a buffer mixture, in which py lies between pus —1.7 and 
pua + 1.7, may be prepared from an acid and its salt. 

The best buffer mixtures are obtained by mixing equivalent 
quantities of the acid and its salt. We will consider the use of 
buffer mixtures more thoroughly in connection with the colori- 
metric determination of hydrogen-ion concentration (Chap. V). 

8. Buffer Capacity and Buffer Index.—It is important to 
express the buffer capacity of a liquid quantitatively for various 
purposes. Donald D. Van Slyke (11) has presented his views 
in an important paper entitled ‘‘On the Measurements of Buffer- 
Values and on the Relationship of Buffer-value to the Dissociation 
Constant of the Buffer and the Concentration and Reaction of the 
Buffer Solution.” We give his views here, in very brief form. 

As has been previously stated not all mixtures of a weak 
acid and its salt have the same capacity to act as buffers—or we 
should say, rather, they have different buffer intensities. The 
optimum point of buffer action is at the hydrogen-ion concen- 
tration at which the acid is half neutralized. 

We may represent the buffer action by a certain unit which 
we will call the buffer capacity or buffer index, and to which we 
will give the symbol 7: 
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i.e., m is the differential quotient of the increasing amount of the 
base, B, expressed in equivalents per liter, over the corresponding 
change of pu. A solution therefore has a buffer capacity of 1 when 
a liter of its solution alters its reaction one py unit upon the addition 
of one equivalent of acid or base. 

In Fig. 3 the amount of B is expressed as ordinate. The 
values of py are given on the abscissa axis. It is evident at once 


Fic. 3.—Relation between quantity of base, pu, and buffer capacity. 


from the figure that at py = 4 the buffer capacity is 0.1 curve I 
and in curve I it is 0.2. 

If the line is curved we find the value of the buffer index at 
any given point by drawing a line tangent at this point and finding 
the tangent of the angle which the line makes with the abscissa 
axis. 

It is important to determine how large the buffer capacity of 
different kinds of liquids is. 

(a) Buffer Capacity of Water, Strong Acids, and Strong Bases.— 
If we add a highly dissociated base to water, dB equals dOH; 
we may therefore write: 


dB  dOH- 
dpu d pr 
Now we have: ' 
per Pas — Pour Sia. et coven 8) 
Hence 
dpa = d log (OH; 
therefore 


ag Cpe Orle) ee [OH]. 2.3 [OH-| (51) 
dpy dlog{OH-] 0.4343 ; oe 


Conversely the buffer capacity of water upon adding a strong 
acid is: 
dB 
ny 07-0, oy | al (4 
r= = 234 (52) 
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The total buffer capacity of water to which a strong acid or 
base has been added is therefore: 


7 = 23 (Ht (OH) een) 


If we wish to take account of the incomplete electrolytic 
dissociation of the strong acid or base, then: 


+ _— 

r= 2.3( + OE). |. (830) 
OWA OBOH 

With the aid of equation (53) we may calculate very simply 

the buffer capacity of solutions of strong acids and bases at 


various fq values. Between fy = 2.4 and pou = 2.4 m is 
smaller than 0.01 and hence in general it is negligible. The 


0,25 ee 8 
0,20 e 
0,15 
0,10 
05 
0,00 


1 2 cone 4a geome? So O10 2 13P,, 
Fic. 4.—Buffer capacity ‘of water with strong acids and bases. 


buffer capacity of water solutions of strong acids and bases is 
presented graphically in Fig. 4. The abscissa represents py; 
the ordinate z. 

(b) Buffer Capacity of the Solution of a Weak Acid and its 
Salt.—It was shown in equation (48) that in a mixture of a weak 
acid and its salt 

pu = beyseg hy eh Me ee) ee 
[HA] 

In general we may set [A~] equal to the total salt concentra- 

tion which we designate as Cs; then we have 


‘If we wish to take into account the degree of electrolytic dissociation, we 


have [A~] = aCg. Equation (54) may then be written: 
y Cs 
PHA = ~'ma + log —_, Ce Ge. Se ah GS" (55a) 
CHa 
where 


P'sa= pua — log a. 


BUFFER CAPACITY 27 


bu = Pua + log —— eee = ey (59) 


Cya representing the concentration of acid. 


Now Cs is equal to the amount of base, B, which is added in 
neutralizing acid, hence [A~] = Cs = [B]. 

If the original acid concentration was c, then after adding 
an amount of base [B], it becomes c — [B]. 

From the equation containing the dissociation constant of the 
acid we deduce that: 


Kaaé 
B] = = aaa 
ere er 
Hence it follows that: 
So ee Ee oreo 
~ dpu d log [H+] 0.4343 “* d[H+] 
dB 
==) Bea ls eg owe Ree eee 2 Be NGS 
2.3 [Hara (56) 


By differentiation and further calculation we find finally 


_ dB _ 2.3(B](¢ — [B)) 
aera ; seals cee wale OT 


We may also express buffer capacity as a function of concen- 
tration, thus: 
23K lH ie 


~ Ken + [ED ee) 


Tv 


It follows, therefore, that the buffer capacity increases with 
increasing concentration of acid. An 0.1 molar acetate mixture 
has a tenfold greater buffer capacity than an 0.01 molar mixture 
of the same components. 

Joining these conclusions with equation (53), the total buffer 
capacity of a mixture of weak acid with arbitrary amounts of 
strong acid or strong base, is given by 


KyalH +c 
(Kua + [H*])? 


= 23 + [H+] + (on-]. 
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The buffer capacities of 0.1 or 0.2 N acetic acid, mixed with 
strong acid or base, are given in Fig. 5. As may be seen from 
this figure, we obtain the total buffer capacity between py 2 and 
3.5 by adding the ordinates of the two dotted curves which 
represent the buffer capacities of the strong and weak acid, 
respectively. Outside of these limits we need only deal with 
the buffer capacity of the weak or strong acid or base, without 
considering their mutual buffering action. 

0,14 
0,12 


1 0,2 Mol, acet, 


0,06 ar 0,1 Mol, acet, 


102 Geo ee 4 ee OO ee Te Sen Oe 10 ie Tet eis e 
Fic. 5.—Buffer capacity of 0.1 N or 0.2 N mixtures of acetic acid and acetate. 


In some instances it is advantageous not to express buffer 
capacity as such but rather as molecular buffer capacity, 7m, 
where 


(60) 


The curves indicate that the two acetic acid-acetate solutions 
have their maximum buffer capacity at the same py, namely, 
where Py = pua. ‘This may be deduced directly from equation 
(58). If [H+] = Kya, we have 

2.3 
vie = 
+ 


¢ = 0.575¢, 


and 
i, = OS /5: 


The buffer action of mixtures of acids or of polybasic acids 
is given by the following equation: 


Kuya,C1 


(Raya) 


Ky a.C2 
(Keck eye | 
+23 ([H+]+[OH-]}. . (1) 


+ 


Zr = 2.3IH+| | 
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If we may assume that the concentrations of the different 
acids are equal, it follows from the last equation that they have 
little mutual influence on their buffer capacities provided that 
their dissociation constants are very different. When the dif- 
ference between the constants is smaller the mutual effects 
become greater as is shown in Figs. 6, 7 and 8, and also in the 
following table. 

It is more convenient to write in place of equation (61) 


2S Ry Was 


TABLE. (Fics. 6, 7, 8) 


Pua, — Pua, | At po = Puja, | At pu = Pay 2 Pets 
3.0 0.577 0.138 
2.0 0.598 0.384 
1.6 0.684 0.552 
1.4 0.749 0.673 
1.3 0.784 0.738 
1.2 0.848 0 813 
1.1 0.919 0.899 
1.0 1.003 0.998 


The ideas of Van Slyke, which have been detailed, are of 
importance for various purposes. In the first place, they are 
of use in the rational preparations of buffer mixtures (see Chap. 
V), ie., for liquids of great buffer capacity. The most efficient 
buffer mixtures are obtained by taking a series of acids whose 
dissociation constants differ little, so that upon addition of alkali 
we obtain liquids whose buffer capacity is practically independent 
of the amount of base added. (Cf. Fig. 6.) 

Further, in the opinion of the author, buffer capacity curves, 
which may be deduced readily from neutralization curves, are of 
great importance in the estimation of the composition of liquids 
which contain mixtures of various kinds of acids and bases, as for 
example, soil extracts, beer, milk, fruit juices, foods, etc. 
Further discussion of these matters is beyond the scope of this 
treatise. 
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9. Neutralization Curves.—If we represent graphically the 
change in hydrogen-ion concentration during the neutralization 
of an acid or a base we obtain a neutralization curve. It is not 
easy to represent these curves on ordinary graph paper because 
the hydrogen-ion concentration varies over such broad limits 


(e.g., for 0.1 N hydrochloric acid from 10-1 to 10-8 in titration 
with sodium hydroxide); the hydrogen-ion concentration changes 
tenfold for each change of 1 in the exponent. Hence only a 
small portion of the curve can be plotted. Schoorl (loc. cit. 13) 
has presented the hydrogen-ion concentration changes in the 
region of the equivalence-point in a very clear schematic fashion. 
If you wish to gain a clear insight into the course of the neu- 
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tralization process it is better to plot change in hydrogen expo- 
nent rather than change in hydrogen-ion concentration. 

The neutralization curves for several kinds of acids and 
bases will now be presented. 

(a) Curve for the Neutralization of a Strong Acid with a Strong 
Base.—Let us neutralize 100 cc. 0.1. N hydrochloric acid with 
alkali at room temperature. In order that the calculation of py 
shall not be too complicated, let us assume that the total volume 
is unchanged during the neutralization and that the acid is com- 
pletely dissociated. We find the following values for the course 
of the neutralization: 


100. cc. 0.1 acid 
0 cc. 0.1 alkali 


100 cc. 0.1 acid 
90 cc. 0.1 alkali 


100 cc. 0.1 acid 
99 cc. 0.1 alkali 


100 cc. 0.1 acid 
99.9 cc. 0.1 alkali 


100 cc. 0.1 acid 
100. cc. 0.1 alkali 


100 cc. 0:1 acid 
101 cc. 0.1 alkali: 


[H+] = 10, pa = 1.0 
fH] = 10-5 =: 2.0 
[H+] = 10-3, p= 3.0 
(Ht =10* p= 4.0 
(H+) = 10%, $2 = 7.0 


[H+] = HKU it Pu 


11.0 


We see that at the neutralization of 99 per cent of the acid 
pu = 3, at 99.9 per cent, py = 4, and at complete neutralization 
pu = 7. Hence in the neutralization of the last 0.1 per cent of 
the acid there is an increase of py from 4 to 7; there is an equal 
increase, Py 7 to 10 when we have added 0.1 per cent more than 
the equivalent quantity of alkali. It is a simple matter to calcu- 
late how large the actual values of py are if we take into account 
the dilution and the degree of dissociation. If the changes in py 
are plotted we obtain curve 1, Fig. 9 (p. 32). Values of py are 
plotted as ordinates. The point 7 is the exact equivalence- 
point. The amount of acid which has been neutralized is plotted 
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as abscissa. The abrupt change from 3 to 11, in the curve near 
the equivalence-point (at 50 acid) is at once evident. 

(b) Curve for the Neutralization of a Weak Acid with a Strong 
Base.—Let us select acetic 
acid as an example of a 
weak acid. As previously 
mentioned, the dissociation 
constant is 1.8 X 10-° = 
10-4? at 18-09 Wer may 
make the assumption that 
the amount of undissoci- 
ated acid in an 0.1 N. acetic 
acid solution is equal to 
the total concentration 
(see p. 6). Hence we find 
a py value of 2.87° for the 
solution. On neutraliza- 
tion the acid is changed 

Fic. 9, into highly dissociated ace- 

tate. For purposes of cal- 

culation we may assume that the salt is completely dissociated. 
From equation (48) it follows that: 


Pr, 
1 — 


[HA} 
ol ge oe | 
[H | [A ~] X Kua, eT te ree (48) 
and from (49) : 
pu = log (Cs _ log Carr HN & 3 (49) 


The amount of alkali added corresponds exactly to the amount 
of salt formed, and is = C,,,. As was shown in the section 
on “Hydrolysis,” the salt does not react neutral but is alkaline 
and has a py value of 8.875 in 0.1 N solution. 

If we assume that we start with 100 cc. of 0.1 N acetic acid, 
and that the total volume does not change during neutralization, 
and that the salt is completely dissociated, we find the following 
values for pu: 


DOIS 
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100 cc. 0.1 N acetic acid 


0 ce. 0.1 N alkali 220 Pett 
100 cc. 0.1 N acetic acid 

10 cc. 0.1 N alkali Bas i80 
100 cc. 0.1 N acetic acid 

50 cc. 0.1 N alkali ba = 4.75 (= pus) 
100 cc. 0.1 N acetic acid age 
90 cc. 0.1 N alkali Poverty 
100 cc. 0.1 N acetic acid 

95 cc. 0.1 N alkali Cri 
100 cc. 0.1 N acetic acid 

100 cc. 0.1 N alkali aren 
100 cc. 0.1 N acetic acid 

101 cc. 0.1 N alkali Pa 


Curve IT (Fig. 9) gives the change in py during the course of the 
neutralization. We see that this curve coincides with the 
alkali (sodium hydroxide) curve as soon as the equivalence-point 
has been passed. Upon addition of alkali to sodium acetate 
the px changes in almost the same way as if the alkali were being 
added to table salt. We might calculate the values for the neu- 
tralization of a strong acid with a weak base in the same way that 
we have made the calculation for acetic acid and sodium hydrox- 
ide. Since this calculation is exactly similar, mutatis mutandis, 
it is superfluous to include it here. Curve III (Fig. 9) gives the 
graph of the neutralization of ammonia with hydrochloric acid. 
After all cf the ammonia has been converted into ammonium 
chloride the curve coincides with the hydrochloric acid curve. 
Neutralization curves of polybasic acids will be considered in 
Chapter IV. 

(c) Neutralization of a Weak Acid with a Weak Base.—Since 
the salts of weak acids and weak bases are in general highly dis- 
sociated, we may assume that the amount of base which we add 
to the acid is equal to the anion concentration. The neutraliza- 
tion curve of a weak acid with a weak base will therefore have 
initially the same course as that of the neutralization of a weak 
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acid with a strong base. The course of the curve will be dif- 
ferent in the neighborhood of the equivalence-point because of the 
extensive dissociation of the salt. We give, as an illustration of 
this case, the calculated changes in py during the neutralization 
of acetic acid with ammonia (13) or the reverse. 

The dissociation constants of acetic acid and ammonia are 
almost equal and have the value of 1.8 X 10-> = 10-*” at 
18°. We have shown that neutral ammonium acetate is 
about 0.6 per cent hydrolyzed. There is present 0.6 cc. of 0.1 
N acetic acid and 0.6 cc. of 0.1 N ammonia in the molecular 
condition, per 100 cc. of 0.1 N ammonium acetate solution. If 
1 cc. of acetic acid is added to 99 cc. of ammonium acetate solu- 
tion, there is present about 1.6 cc. of acetic acid and 98.4 of the 
acetate. The repression of hydrolysis is omitted from consider- 
ation so that the calculation may not be too complicated. The 
hydrogen-ion concentration of the mixture is: 


[H+] = sey 10s pe O54. 


The py value for mixtures of ammonium acetate and ammonia 
may be calculated in similar manner. 

We may therefore construct a table representing the neutral- 
ization of acetic acid with ammonia as follows: 


100 cc. acetic acid 
0 cc. ammonia pu = 2.87 
100 cc. acetic acid 
50 cc. ammonia pu = 4.75 
100 cc. acetic acid 
90 cc. ammonia Pu = 5.70 
100 cc. acetic acid 
95 cc. ammonia pu = 5.98 
100 cc. acetic acid 
98 cc. ammonia pu = 6.32 
100 cc. acetic acid 
99 cc. ammonia Pu = 6.54 
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100 cc. acetic acid 
100 cc. ammonia pu =:7.10 


100 cc. acetic acid 
101 cc. ammonia pu = 7.66 


100 cc. acetic acid 
102 cc. ammonia pu = 7.88 
100 ce. acetic acid 
105 cc. ammonia pu = 8.22 


The course of the py values is plotted in curve IV (Fig. 10). 
We see from the table that the neutral salt reacts exactly neutral, 
pu = 7.1. 

Puno was taken as 14.2. 

The neutralization curve of acetic acid with ammonia coin- 
cides with the curve for 
acetic acid neutralized with 
soda up to within about 5 
per cent of the equivalence- 
point. About 5 per cent 
after the equivalence point is 
passed it coincides with the 
hydrochloric acid—ammonia 
curve. They are strongly 
divergent only in tne neigh- 
borhood of the equvialence- 
point. Hence a large series 
of buffer mixtures may be 
prepared by mixing acetic 
acid and ammonia. 

(d) The Neutralization of Fic. 10, 

a Mixture of Two Acids.—In 

general the calculation of the points on the curve for the neutrali- 
zation of a mixture of a weak and strong acid does not involve 
any difficulties. The strong acid is neutralized first upon addition 
of alkali (cf. under a) then the weak acid (cf. under 6). 

It is more difficult if we have a mixture of a medium strong 
and a weak acid, as for example, a mixture of acetic and boric 
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acids. We may include in this classification dibasic acids whose 
two dissociation constants are very different. 

If we call the medium strong acid HiAj, and the weak acid 
H2As, with dissociation constants K; and Ke, then it follows 
from the fundamental equation (11) that in a mixture of the 
two acids with a certain amount of alkali: 


[Hi Aj] [H2Ao| 
Ht] = — K; = ="— kz, 
Tan tage ey 
and that 
[HiAi] , [H2Ao] 
: - = Ko: Ki. 
Veh (ea) 
[HA] / ; 
Now ie represents the relation of the concentration of free 


and neutralized acid. We will call this relation, which is of 
importance in most analytical calculations which involve neu- 
tralization, the reciprocal neutralization ratio, in contrast with the 


quantity ia which we will call the neutralization ratio. We 
will make as a first assumption that the concentrations of the 
acids HiA; and HeAg2 are equal. If the difference between the 
the dissociation constants of the two acids is great enough it 
follows that the stronger acid alone will be neutralized at the 
beginning of the addition of alkali because the reciprocal neu- 
tralization ratio are inversely proportional to the dissociation 
constants. But in the neighborhood of the first equivalence- 
point, i.e., the point when an amount of alkali has been added 
equivalent to HiAi, the ability of the second acid, HzAs, to 
consume alkali begins to play a role. At the first equivalence- 
point the acid HA; is not completely neutralized while a small 
portion of H2Az has been converted into salt. The quotients of 
the reciprocal neutralization ratios may be calculated from 
the equation last given. If we assume that at the first equiva- 
lence-point the acid HA; isa per cent neutralized, then HeAg 
must be (100—qa per cent) neutralized, since HiA; and H2Ao 
were originally present in equal concentrations. 

Hence it follows that [Ai~] represents @ per cent of the total 
amount of HA; and [As] (100 — a) per cent that of HeAo. 
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From the equation last given it follows that: 


pep = BEAT, x Peak, fe etn (62) 


At the first equivalence-point, therefore: 


ei, BO Oe Et 
LH] Poi 
Pet Ryu pee ete kee (63) 


If we have a mixture of two bases, then at the first equivalence- 
point: 


pu = Pro - 2 (Px, ae px,)- yt Ry eae aS (65) 


It is evident that there is a very simple relation between the 
hydrogen-ion concentration at the: first equivalence-point and 
the two dissociation constants. Tizard and Boeree (14) have 
previously derived this relationship; it is made clearer by the 
computation that has been given. 

We have assumed up to this point that the concentrations of 
the two acids H;A; and HeA2 are equal. If this assumption is 
approximately true there is no practical difference; if, for exam- 
ple, the concentration of H;A: is 10 per cent greater than that of 
HoeAg, the change in py at the first equivalence-point is scarcely 
noticeable. A difference is perceptible when the difference 
between the two concentrations is greater. 

Let us assume, for example, that the concentration of H;Ai is 
double that of HzA2. Let [Ai1~| = a per cent of the total amount 
of HiA: at the first equivalence-point, and [H:Ai] = (100 — a) 
per cent of the total amount of the first acid and [H2Ao| 
= (2a — 100) per cent. 

With the aid of equation (62) we find at the first equivalence- 
point that: a 

f+] = a 


pu = H(px, + Px.) + 3 log 2 = 3(Px, + Pur) + 0.15. . (66) 
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In this case the py at the first equivalence-point changes only 
to the extent of 0.15. If the concentration of the first acid is 
threefold greater, then at the first equivalence-point: 


pu = 3(Px, + pw.) + 2 log 3 = 3(px, + px,) + 0.24. 


If the concentration of HAs is greater than that of H1Ai, 
pu at the first equivalence-point is smaller by the same amount 
as is indicated in the above equations. 

In Chapter IV we shall see the practical bearing which these 
considerations have for analytical titrations. 

In general the neutralization curve may be derived for any 
acid with any base provided that the dissociation constants are 
known. In Chapter IV we shall find that a knowledge of the 
neutralization curve is necessary for the choice of a suitable 
indicator. 
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CHAPTER II 
AMPHOTERIC COMPOUNDS 


1. Characteristics of Amphoteric Compounds.—It is char- 
acteristic of acids that on solution in water they split off 
hydrogen ions, while bases on the contrary give hydroxyl 
ions. But there are numerous compounds that give rise to both 
hydrogen and hydroxyl ions and hence function both as acids 
and as bases, although sometimes the acidic and sometimes the 
basic character may predominate. Therefore these substances 
are able to take up hydrogen ions as well as hydroxy] ions, and 
they are said to be amphoteric. They might also be called 
ampholytes or hybrids. The reaction of the solutions of ampho- 
teric compounds can never be strongly acid or alkaline because 
of the acidic and basic groups which they contain. 

Arsenious acid, aluminium hydroxide, and zinc hydroxide 
are typical inorganic ampholytes. Organic ampholytes, to 
which class the amino acids, peptides and proteins belong, are of 
much greater biological importance. 

In general we may represent an amphoteric compound by 
the symbol HXOH; the amphoteric properties are expressed 
by the equations: 

HXOH @Ht + XOH- (acid function), 
HXOH @ HX+ + OH- (basic function). 
We may apply the law of mass action to both reactions: 
[H *][XOH-] 


qXoH]) ~ 
bers) 
[XHOH enc 


In addition to the undissociated portion, HXOH, the solution 
of an ampholyte also contains: H+, OH-, anions of the ampho- 
lyte XOH~ and cations of the ampholyte, HX +. 
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2. Reaction of the Solution of an Ampholyte.—As has been 
shown in the section on the hydrolysis of the salt of a weak acid 
and a weak base (p. 16), the latter can never react strongly 
acid or alkaline; at least when the ratio between the basic and 
acidic dissociation constants is not too large or too small. For 
the same reason an ampholyte solution will never react strongly 
acid or alkaline, because of the acidic and basic groups which it 
contains. We are not considering here the case that the ampho- 
lyte contains more acid than basic groups, or the reverse, as it 
then behaves as an acid or a base. 

For the sake of simplicity the undissociated part of the ampho- 
lyte will be called A; the cation A*, the anion A~, whereas the 
acid dissociation constant is k,; the basic dissociation constant 
kp, and the ion product of water, ky. The total concentration of 
the ampholyte is equal to c. 


Then: : 
LET Pe eee die Ca 
OM 
ike (HG Ee ea eee oe teers CCR) 
[Ash ? [RFP Asi [OH es ee rra(70) 
Ay ean itl. a ee ee) 
From (67) and (68) we have: + 
-) — 2, tAL 
Al Pare Bore igen ai) 
[At] = byes = PLAID. . (73) 
EE oma these values in (70): 
+ +] = [A] Fa 
Plait ] + [H+] = hors] 1+ ay 
and 
ee es) 


ky . 
pat a1 
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This equation has been derived in a similar way by J. Walker (1). 
In the equation the values of [H+] and [A] are unknown and 
hence it cannot be solved directly. 


S. P. L. Sérensen (2) eliminated the unknown [A] and found: 


Ww Rw Rap Rw 

Us es aes Gs +c) + [H*]*—(he — ko) — [H*}— (hat + hw) — = kako = 0 
ky ky ky ko 

(75) 


This equation is inconvenient for general use. Its general 
solution can not be given. 

The author therefore suggests the general application of 
equation (74) with the assumption, as a first approximation, 
that [A] is equal to the total concentration c. Hence we neglect 
the dissociation of the ampholyte into positive and negative ions, 
and the value found for [H+] is a little too high. When this 
approximate value of [H+] is known, the corresponding values of 
[A+] and [A~] can be calculated, after which we may apply the 
correction that: 

Nae aa ea 
The calculation is repeated with this value of [A], and we usually 
find the correct value for [H+]. If not, the calculation is repeated 
for the third time; generally the first approximate calculation 
gives values which are accurate enough. 

From equation (74) we see that: 

(a) The error will become smaller the larger the total con- 
centration c. 

(b) The error will be smaller, the smaller k, and kp are. (Cf. 
the example of phenylalanine.) 

(c) The ampholyte will behave almost as a monobasic acid 
when &, is more than 105 times larger than kp, and c is very small. 
On the other hand the ampholyte is to be considered as a monacid 
base when f; is greater than &, by the same amount. 

EXAMPLES: Phenylalanine. — 


Brey ili, in = ee ee. 

ee = Ome oS 10-2, 
According to (74): : 
[H+] = 3.3 x 10-6, 
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and the corresponding values of 
[A-} = 753 = 10>¢. 
[A+] = 4. x 10-6, 

Therefore the real value of [A] is not equal to 10-2, but to 
10-* — 7.3 K 10-6 — 4 X 10-6, which is practically the same 
Ba 107: 

In the same way when c = 107+: 

LEDs ees te ee Oe 
PAR =a Ol0e: 
[A+] = 0.1 X 1077, 

m-Aminobenzoic Acid: 
ke =1.6X10-5; k =1.2X 10-2; &, = 10-4: ¢ = 10-2, 

The first approximation equation (74) gives: 

tee 105: 
[A-] = 6. xX 10-4, 
[A+] = 3.3 x 10-4. 

The sum of [A~-] and [A+] = 9.3 x 10-, whereas it was 
assumed to be negligible in comparison with [A] = 10-?. Upon 
applying this correction and recalculating we have: 

[HF] -==-2:5 x A0-, 
PA een 8 3 107%, 
[At] = 2.8 x 10-4. 
When c = 10-+, the first approximation gives: 
[H+] = 4 x 10-5, 
fA] = 4 <.10—, 
[A+] = negligible in comparison with [H+] and [A~]. 
The corrected values, twice recalculated, are: 
[H+] = 3.2 x 10-5, 
[A-] = 3.2 x 10-5. 
The same value for [H+] is obtained if we consider the 


ampholyte as a monobasic acid. 
Some values of the hydrogen-ion concentration of an aspartic 
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acid solution are given in the following table. The calculations 
were made: according to the simple equation (74); the corrected 
values were calculated; and finally the complicated Sérensen | 


formula was used. 
Aspartic Acid: k, = 1.5K 104; 2; = 1.2 K10=“4 ka = 10, 


pu According 
to Sorensen 


pu According 


to Equation (74) pe Coes 


Concentration 


© 2.952 2.952 2.952 
1 2.953 2.953 2.954 
107} 2.969 2.973 2.973 
10? 3.083 3.110 3.110 
Ome 3.437 302i 3.521 
IO 3.914 4.165 4.166 


We see from the table that the application of the simple equation 
(74), followed by correcting the value of [A] obtained, always 
yields exact results. 

3. The Isoelectric Point of an Ampholyte.—It is evident 
from section 2 that every solution of an ampholyte contains 
certain concentrations of A, A~,and A*. In strongly acid solu- 
tion [A~] is negligibly small in comparison with [A+], whereas 
in strongly alkaline solution [A+] is negligible in comparison with 
[A-]. The pure aqueous solution of the ampholyte contains a 
large excess of [A] as contrasted with [A+] and [A-]. There 
must, in fact, be a certain hydrogen-ion concentration at which 
the concentration of the undissociated part A is a maximum, 
while the sum of [A*] and [A~] is a minimum. This point is 
called the isoelectric point of the ampholyte, because at this 
point the ampholyte does not migrate in either direction under 
the influence of the electric current. 

According to equations (71), (72) and (73): 


C ee Ry 
INL 1 a Fria epee Tepe OS 
According to L. Michaelis (1) we have: 
Ak 
[A] Be 
d[ H+] LHe eee 
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[A] is at a maximum when: 


— Ra Ry — 
mp te 


or 


[H+ho, =a\fthe oP el aS oh A (77) 


There is thus a very simple relation between the several 
constants and [H+] at the isoelectric point. (Cf. also H. Eck- 
weiller, H. M. Noyes, and K. G. Falk, and P. A. Levene and 
H. S. Simms (2); methods for detection of the isoelectric point, 
cf. L. Michaelis (1); L. Michaelis and I. Nakashima (3); S. P. L. | 
Sérensen (4).) 


When the substance contains m acid groups and basic groups, the hydrogen-ion 
concentration at the isoelectric point is given by: 


k Reis a % fae 
[H*]}rp. = pies Bee ke = ne kw 
ko, + Rog eer + ko, Dkp 


according to Levene and Simms. 


The application of the simple equation (74) to the calculation 
of the hydrogen-ion concentration of a pure ampholyte solution 
in which [A] has a high value, and k, and fk are at least 1000 
times greater than ky, leads to the expression: 


[H+] = oe = = he een 7) 
Alta 3 

These simplifications lead to the same equations that Michaelis 
derived for the isoelectric point. 

At the isoelectric point therefore: 

(a) [A] is at a maximum; or the sum of [A+] and [A-] is at a 
minimum. 

(6) [A-] is equal to [A+]. This is the real reason why the 
ampholyte is isoelectric from an electrochemical standpoint. 

The equation of Michaelis affords a simple means for the 
calculation of [H+] at the isoelectric point if k, and k, are known. 
Some of the values of &, and k,, that have been published in the 
literature, are collected in the following table: 
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4, Neutralization Curve of Ampholytes.—When a strong acid 
is added to the solution of an ampholyte, the concentration of the 
cations [A+] will increase, while that of the anions will decrease. 
When the excess of acid is sufficient, the concentration of the 
anions [A~] is so small that it is negligible. We may then con- 
sider the ampholyte only as a weak base and calculate the rest 
of the neutralization curve on this basis. In the same manner 
the ampholyte may be considered as a weak acid, without taking 
into account its basic properties, when an excess of strong base 
has been added such that the concentration of the cation [A*] is 
negligible in comparison with the concentration of the anion, 
[Aq]. 

The calculations are more complicated in the neighborhood 
of the isoelectric point, and we must consider both the basic and 
acidic properties of the ampholyte. 

Let us consider an ampholyte whose acid dissociation con- 
stant &, is larger than the basic constant, k,, as is usually the 
case. Let the total concentration of the ampholyte be c; an 
amount of HCl corresponding to a concentration, a, is added. 
Further, it is assumed that the salt formed is completely disso- 
ciated. Then since the sum of the cation concentrations is 
equal to that of the anions: 


[H+] + [A+] = [A] + [Cl-] + [OH] = [A>] + [Cl-] =[A-] +@ 


or 


[A+] = [A-] + a — [H+]. als eee 
Moreover we have: Al 
ey es hks re 
[A+] = (ons = pal [H+] ae eet} 
and 
A= pie So ee 
By combining these equations: 
ky pits el 
j AME =o — THA Fe 
(H+? seh [H+] : a es ({A] - aka 0, 


P(A] = a) +1 Pa) — a) +1 
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1 Si oan 
24 ((A}] — a) + i} 
sokelj o_|*, _Wal— ak, 

Jz Ual— a) +1f FCA) 0) +1 
In solving this equation it is again assumed that [A] is equal to c, 
just as was done in the calculation of [H+] in the solution of a 
pure ampholyte. If the deviation is too great the calculation 
is repeated using for [A] a value of c — [A]. The equation above 
is rather complicated. In many practical instances simplifica- 
tions may be made. It lies beyond the scope of this book to 
enter into further details. 

A similar equation may be derived in case a base is added to 
the solution of an ampholyte. The author wishes to emphasize 
the fact that the complicated formula need only be applied in 
the neighborhood of the isoelectric point. At other hydrogen- 
ion concentrations we may apply the simple equations for uni- 
valent bases or acids. Equation (78) yields the important infor- 
mation that the amount of acid necessary to bring an ampholyte 
solution in water to the isoelectric point is equal to the difference 
between [H*] at the isoelectric point and that of the solution. 

5. Hybrid Ions. (Zwitterionen.) Theory of N. Bjerrum.— 
Bredig (22) was the first to suggest that an ampholytic substance 
is an internal salt and therefore contains both a positive and a 
negative electric charge within the same molecule. F. W. 
Kiister (23) suggested, in explanation of the behavior of methyl- 
orange as an indicator, that the free acid should be considered 
as being mainly a “‘ Zwitterion ” (cf. page 64). In the literature 
it has generally been assumed that the formation of these hybrid 
ions could only take place to a small extent. Even L. Michaelis 
(24) in dealing with the hybrid ions of aimino acids says: 
“ Their amounts are probably always vanishingly small.” 

A very great service has been rendered by N. Bjerrum (25) in 
showing that most amino acids in water solution are to be con- 
sidered as hybrid ions. As will be shown later, the behavior 
of amino acids is readily explainable on this assumption. 


(79) 
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In order to elucidate the hybrid-ion theory we will compare 
ammonium acetate with an amino acid whose acidic and basic 
dissociation constants are the same as those of acetic acid and 
ammonia, respectively. We know that an 0.1 molar solution of 
ammonium acetate is hydrolyzed to the extent of about 0.5 per 
cent, and that 99.5 per cent of the salt is dissociated into its ions. 
Using the same equations, calculations show that our special 
amino acid will be about 0.5 per cent hydrolyzed, and it is logical 
to assume that the remainder will be present in the iogenic form. 
But this internal salt can not split up into ions because the 
charges are bound to special groups within the whole molecule. 
According to this conception a small part of an amino acid, 
NH2RCOOH, is hydrolyzed into the cations, NH3RCOOH, 
and the anions, NH2RCOO-, but the largest portion remains in 
the form of the internal salt, 

+NH3RCOO- (hybrid ion), 
whereas according to the old conception the non-hydrolyzed 
portion consists of the neutral molecules, NH2RCOOH. 

The author’s calculations in the former sections are based on 
the latter assumption, although it appears to be false. As we 
shall see below, the results of the calculations are correct, although 
the interpretation of the values of the acid and basic dissociation 
constants is incorrect. If we call the undissociated amino acid, 
NH2RCOOH, A, and the hybrid ions +A-; the cation At, and 


) 


the anion A-, we have according to the old conception: 


HaliAsS 
es a (3) 
[A+] [OH- 
Se its 


According to the modern conception: 
+*NH3RCOOH @ +NHsRCOO- + Ht, 


At res AS + Ht, 
or 

[AS | LE 

TA] Be eer 3 et) 
and 


H20 + NH;RCOO- = +NHsRCOO- + OH-, 
Ee eit + OH-, 
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and 
[+A-] [OH-] 
[Aq] 
K, and K, are the true dissociation constants of the acidic and 
basic groups, whereas k, and ky are apparent dissociation con- 
stants. 
There is a very simple relation between ka, ky, Ka, and Ky. 
Since [A] according to the old conception is equal to [+A~] on 
the new basis, by multiplication of equations (68) and (80) and 


introducing the value of the ionization constant of water, we have: 
PER 
ae seat fk ee see Oe) 


d 


= Ky. . . . ° . . ‘ (81) 


and from equations (67) and (81), 
K, = - 
From the above we see that the true acid dissociation constant 
of the amino acid is nothing else but the hydrolysis constant of 
the apparent basic dissociation constant k,; and the true basic 
dissociation constant corresponds to the value of the hydrolysis 
constant of the acid group according to the old theory. The 
great difference between the old and new conceptions is that the 
basic character according to the old view is really expressed by 
the acid dissociation constant, as shown by Bjerrum’s theory 
which has been described. The acid character is really expressed 
by the basic dissociation constant of the old theory. 
When a strong acid is added to an amino acid, we have, accord- 

ing to the old theory: 

NH2RCOOH + H+ = +NH3RCOOH; 
according to the new theory: 

*NHsRCOO- + H+ = +NH3RCOOH. 
On the old conception the basic NH2 group is neutralized by the 
strong acid, while according to the modern conception the 
weak acid *+NH3RCOOH is liberated from the salt *+NH3RCOO-. 
In this respect we may compare the behavior with ammonium 
acetate: 

Nile® -- CH;COO- -- H* = NHat + CH3;COOH. 
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Upon treatment of an amino acid with hydroxyl ions the weak 
base NH2zRCOO-~ is liberated, just as ammonia is liberated from 


its salts by an excess of base: 


+NH3RCOO- + OH- @ NH2RCOO- + H20. 


There is a complete analogy between the behavior of an amino 
acid toward acids and bases, and that of a salt such as ammonium 
acetate, with this restriction: that the hybrid ion does not con- 
duct the electric current, whereas the ammonium and acetate 


ions, with their free charges, of course conduct. 


In the following table the values of k., ky, Ka, and K, of amino 
acids at 25°, as calculated by Bjerrum, are given. 


DISSOCIATION CONSTANTS OF Amino Acips (N. ByERRUM) 


ka 
Glycine Mary. eee ae ie eee LO mso22 
Viethy:lehy Clite meester eee 1Omes? 
DimethylP ly cin Comittee Qe 
About 
Betaine ie ie ere eee Om. 
PA lamin Cite felon cretehiere siaicts Steet tare NORE: 
BEUCING Specs te eee tae ee Se One -t> 
Phenylalanine. 7 cena 1052-60 
ABiaveao chicos oadoememerome oe 1Ome-As 
Glycloly cinema rice en ae eeceaa 1OREFA 
NEMEC. cucococepescrco0- 1 Omer 
Weucylely cine ee ae erie 1Omie 5 
UAUTINGkpverciar.ctte see oe cae ee 1Oms:2 
ASATAGING Ne he oe te vi cies noe 1OmS:57 
Eysine al stistepmscme sen teres NO 
2nd istepy. ss eo ee eel era ee 
NT EIN wLSt Stepse een a Omens 
2nd steps... meee ead) eter eae 
EListidinew St istepee seen nen Ome SS 
PAINE WAT) O Rea er Ridin Il kor. Fi.6 BOSC 
Aspartic acid, Ist siep.......... 1053-82 
ANGLE Derg oaob ac 107121 


ky 


104 11.57 
1Q0—11-75 
10—11-97 


1Q—12-66 
{Q711-29 
{Q711-64 
10—11-89 
{Q711-39 
1071 -70 
1Q— 10-70 
10-10-52 
About 
10714 
10—+:-82 
< 1078-96 


10-11-96 i 


10-70 
10—11.66 
108-24 

1012-30 
10—11.92 


Ka 


10—2-33 
107-2. 15 
10-1: 93 


10—1-34 
10—2-61 
10—2-26 
10—2-61 
1072-51 
1073-26 
10—3-20 
103-38 


About 1 
10—2-8 
16> 1.94 


10-1. 98 
10—3.82 


Ko 


10—4-15 
10 ~—4-01 
10~—4-¢5 


About 1 
1074-18 
1074: 15 
10—5-30 
10—5-50 
106-16 
10~—6- 16 
{Q—6.08 


1075-1 
1Q—5-03 
10-1-9 
10-68-96 
Sl 
LORS 
10-35-24 
10—8.24 
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6. Advantages of the ‘‘ Hybrid ” Conception.—According to 
the old theory the acid dissociation constant, k,, usually has 
values between 10-8 and 10~!°, which is very improbable as all 
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of them (excepting taurine) are carboxylic acids, which have 
dissociation constants between 10-5 and 10-2. The true acid 
dissociation constants of the amino acids lie between 10-!! and 
10-°°. These true dissociation constants are somewhat higher 
than those of the common carboxylic acids. This is to be 
expected, however, because the positively charged amino group 
of the amino acid will favor the splitting off of hydrogen ions, 
and will therefore increase the acid character: The nearer the 
amino group is situated to the carboxylic group the greater is 
the effect. In glycine for example, K, is 10-233, whereas in 
glycylglycine where the amino group is at a greater distance 
from the carboxylic group, K, is 10-°-2°, Similar considerations 
hold true for the basic dissociation constant, which is 104-15 for 
glycine, and 10~®-16 in case of glycylglycine. 

The behavior of sulphonic acids is also explained by the new 
theory. These belong to the strong-acid class, and may be com- 
pared with sulphuric acid. Now in taurine &, is as small as 
10-§8, which in incomprehensible. According to the hybrid 
theory K, is about 1, which is in excellent agreement with its 
behavior as a sulphonic acid. 

The behavior of methyl orange as an indicator can only be 
explained in terms of the new theory. (Cf. page 64. (26).) 
It seems to the author that very good evidence in favor of the 
hybrid theory lies in the fact that Walbum (4) noted a very large 
temperature coefficient of k, for glycine. Now we know that 
carboxylic acids and ammonia have a very small temperature 
coefficient. Upon recalculating Walbum’s data on the new basis 
it is found that K, is increased only two-fold between 10° and 70°. 

The behavior of amino acids in other cases, as for example, 
the mustard oil reaction, the formaldehyde titration, etc., can 
only be easily understood on the basis of the new conception. 

7. Equilibrium between the Amino Acid and Hybrid Ion.— 
A solution of an amino acid contains both the free amino acid 
and the hybrid ion. 

NH2RCOOH @ +tNH3RCOO-. 
ee 
[A] 
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The value of can only be roughly approximated. In the cases: 
dimethylglycine, glycine, and phenylalanine, Bjerrum calculates 
that 1 is equal to 10*; for glycylglycine, 10. In these cases we 
may tacitly assume that all of the amino acid is present in the 
hybrid-ion form. This is no longer possible in dealing with 
aromatic amino acids such as derivatives of benzoic acid. In 
this connection the reader is referred to Bjerrum’s paper (25). 
We will not attempt further discussion as very little is known 
regarding this question. 
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CHAPTER III 
THE COLOR CHANGE OF INDICATORS 


1. Definition.—According to Wilhelm Ostwald, indicators 
are weak acids or bases which have one color in the undissociated 
condition, and another color when ionized. Hantzsch and 
others have shown that color change is caused by change in con- 
stitution rather than by ionization. Ostwald’s explanation is 
still the more convenient for the elucidation of the behavior 
of indicators at various hydrogen-ion concentrations. We will 
return later (Chapter VIII, page 233) to the views of Ostwald 
and Hantzsch. It will be shown that Hantzsch’s conception 
extends Ostwald’s views, but does not replace them. We shall 
see that it is advisable to alter Ostwald’s definition somewhat, 
and to state that: Indicators are acids or bases whose togenic form 
is of constitution and color different from those of the pseudo- or 
normal form. 

2. Color Change of Indicators and py Interval of Change.— 
If we consider an indicator as an acid, it will be dissociated to a 
certain degree into ions, in aqueous solution. If we call the 
indicator acid HIn; the ionization is represented by the equation: 

HIn = H+ + In-. ee he ee ke 
HIn represents the acid form and In~ the alkaline form. The 
quantitative relations are given by the following equation: 


H+] [In- 
i = Kian, De Or Oe eres (84) 
It follows therefore that: 
[In-] =d Kam 85 
[Hin] ~ [H+] Sy 


If Kum, = [H+], then [In-] = [HIn], and the indicator has been 
half transformed into its alkaline form. It follows from equation 
55 
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(85) that the relation between the acid and alkaline forms is a 
function of the hydrogen-ion concentration. It is incorrect, 
therefore, to speak of the transition point of an indicator, since 
it does not change over suddenly from one form to the other at a 
definite hydrogen-ion concentration. The color change takes 
place gradually, as may be seen from equation (85), when the 
hydrogen-ion concentration is of about the same order of mag- 
nitude as the dissociation constant. At every value of the 
hydrogen-ion concentration a certain part of the indicator is 
present in both acid and alkaline forms. Since only a limited 
amount of one form can be perceived in the presence of the other, 
the “change”’ of the indicator falls within certain values of 
hydrogen-ion concentration. If we express the two limits of 
the perceptible change in py, then the region between the two 
limiting values is the interval of change, or the transition interval 
of the indicator. The magnitude of this interval is not the same 
for all indicators because the color of the acid or alkaline portion 
is more sensitively distinguished, in the presence of the other 
portion, in some cases than in others. 

If we assume that in a given case 10 per cent of the alkaline 
form must be present in order to be visible in the presence of the 
acid form, we have: 


[In-] = Kum ae 
[Ein | a 
Then 
[H+] = 10 X Kun, 
and 
pu = pum — 1. gel are Sh oe (86) 


The expression HIn denotes the negative logarithm of Kym. 
If we make the further assumption that the indicator is practically 
completely converted into the alkaline form when about 91 per 
cent is present in this form, we have: 


[In-] = Kain 10 

[Hin] | Ei oe 
Then 

[H+] = 10 x Kum, 
and 


Pu ‘Diab ne Lee oe ee eee (87) 


COLOR CHANGE INTERVAL De 


According to (86) the change of the indicator begins at a pu 
which is about 1 unit smaller than pam; it is practically complete 
when fy is about 1 unit larger than pum. The transition inter- 
val in this instance is about 2 hydrogen-ion concentration units. 
The range is actually 2 units for most indicators. If the acid 
form is as distinctly perceptible in the presence of the alkaline 
form as in the reverse instance, then the color alters equally 
for equal changes in py, both above and below pum. Ifa graph 


% of Alkaline Form 
Neutral Red 


LO il 2p: 


3 4 5. 6 7 8 gy w 
Alkali-sensitive <——Neutral —> Acid-sensitive 


Fic. 11.—Transition ranges of indicators, 


is constructed to show the amount of the alkaline form that is 
obtained at various values of the hydrogen exponent, a bilog- 
arithmic curve is obtained. The branches above and below 
the 50 per cent ordinate are symmetrically placed with respect 
to each other. Fig. 11 presents such curves, the py values being 
laid off on the abscissa axis, the amount in the alkaline form on 
the ordinate axis. Each curve becomes asymptotic to the 
abscissa axis because at every value of py there is a certain 
amount of the acid form present with the basic form, or vice 
versa (Cf. also the table at the end of the book). 
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Bjerrum (1) first used such curves to present the change of a 
certain indicator graphically. Clark and Lubs (2) then showed 
graphically how the dissociation (a) changes at various pu 
values. The latter mode of presentation is not as clear because 
the curves run from the lower left to upper right, or from lower 
right to upper left of the diagram, depending upon whether we 
are dealing with an acidic or basic indicator substance. Curves 
of the kind shown in Fig. 11 all have analogous forms. The 
value for Pum may be very simply read from such a curve, since 


10 


Py=P, + logs 
20 1—a@ 


% Dissociated 
an 
oO 


Fic. 12.—Representation of transition interval by straight line (McClendon). 


it is equal to the pg at which 50 per cent of the indicator is 
present in each of the forms. 

J. F. McClendon (3) represents the color change interval 
(virage) of an indicator by a straight line. From the equation: 


it follows that 


a 


pu = px + log 
The interval (virage) lies between 


pu = px + 0.95 and pr — 0.95. 


1-—a@ 
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The graph is not a straight line for indicators for which the 
simple relation does not hold, as is the case with phenol phthalein, 


salicyl yellow, etc 


Salm (4) has constructed a table in which he gives the color 
of 70 indicators for all whole-number values of py (1, 2, 3, etc.). 


INTERVAL OF COLOR CHANGE OF SoME INDICATORS, ACCORDING TO SORENSEN 


: Interval | Amount of Indi- 
Indicator : ; 
In py cator in 10 cc. 

Methyl violet...... | (i= 38 $= 8 drops 0.5% 
Methyl green *..... .| 0.3— 2 | 1- 4drops0.5% 
eEropeolin OO'* . <=... 1.3- 3.2) 1- 5 drops 1% 
Benzopurpurin *....| 1.3- 5.0) 1- 3 drops0.5% 
Methyl yellow (di- 

methyl-aminoazo 

benzene)......... 2.9- 4.0) 5-10 drops 0.1% 
Methyl orange...... 3.1- 4.4, 3— 5 drops0.1% 
ASTRON 2 grace oie 2 AeA BOO cock eaite ener: 
Methyl red......... 4.2- 6.3) 2- 4 drops0.2% 
p-Nitro phenol...... 5.0—- 7.0) 3-20 drops 0.4% 
Neutral red. ....2...< 6.8- 8.0) 2— 5 drops 0.1% 
PAZOLEMIB pyaiehs os 2 stan 5.0- 8.010-20 drops 0.5% 
Phenol phthalein....| 8.2-10.0| 3-20 drops 0.5% 
Thymol phthalein. ..| 9.3-10.5| 3-10 drops 0.4% 
Alizarine yellow... ..10.1-11.1} 5-10 drops 0.1% 
Sodium alizarine sul- 

phonate, 2nd 

change...........10.0-12.0| 4-16 drops 0.1% 
INTEraAMINGr ts ae). o \10.8-12.8| 2- 5 drops0.1% 
Tropeolin 0 * 11.0-13.0) 5-10 drops 0.1% 


* These values were determined by the author. 


Palitzsch, Biochem. Z. 37, 131 (1911). 


Color 
Acid _ | Alkaline 
Yellow Violet 
Yellow Green- 
blue 
Red Yellow 
Blue- Orange 
violet 
Red Yellow 
Red Orange- 
yellow 
Red Blue 
Red Yellow 
Colorless | Yellow 
Red Yelow 
Red Blue 
Colorless | Red 
Colorless | Blue 
Yellow Lilac 
Brownish-| Bright 
red yellow 
Colorless | Orange- 
brown 
Yellow | Orange- 
brown 


Remarks 


Through 


green 


Sharp 
Notsharp 


Sharp 
Sharp 


Sharp 
Sharp 
Sharp 
Sharp 
Fairly 
sharp 


.| Sharp 


Sharp 
Sharp 


Fairly 
sharp 
Sharp 


Fairly 
sharp 


The value for methyl red confirms that found by 
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The exact range of color change is therefore not given. 5S. P. L. 
Sérensen (5) was the first to determine the interval with great 
accuracy for a number of indicators. He observed their colors 
in buffer mixtures whose py was determined with the aid of the 
hydrogen electrode. His results have been used in the construc- 
tion of Fig. 11, and also in the table, page 59, where data are 
given for individual indicators that are of practical importance. 
The author has made some additions to the list. There is an 
more extensive table at the end of this book, and a chart in which 
the transition intervals of important indicators are presented 
graphically as in Fig. 11. 

Lubs and Clark (6) found a new series of indicators which 
show especially beautiful color changes. 

According to Clark and Lubs five drops of indicator solution 
are added to 10 cc. of the fluid to be tested. The following table 
gives the color change intervals of the Clark and Lubs indicators. 


INTERVAL OF COLOR CHANGE OF THE CLARK AND Luss INDICATORS 


Color 
\Concen-|Interval| 


Name of Indicator Trade Name ; : 
tration | In py 


Acid |Alkaline 


p-Xylenol sulphone phtha- 


lein (see page 72)....... Xylenol blue 0.02% |1.2-2.8] Red Yellow 
Thymol sulphone phtha- 

eine ere eens Thymol blue 0.04% |1.2-2.8] Red Yellow 
Tetra bromo phenol sul- 

phone phthalein........ Brom phenol blue | 0.04% |3.0-4.6] Yellow} Blue 
Dibromo orthocresol sul- | | | | 

phone phthalein........ ‘Brom cresol purple | 0.02% |5.2-6.8| Yellow Purple 
Dibromo thymol sulphone 

Puthaleineeee terete | Brom thymol blue | 0.04% |6.0-7.6] Yellow} Blue 
Phenol sulphone phthalein.; Phenol red 0.02% |6.8-8.4| Yellow| Red 
Orthocresolsulphonephtha- 

lel Ree eee Cresol red 0.02% |7.2-8.8] Yellow] Red 
Thymol sulphone phthalein) Thymol blue 0.04% |8.0-9. 6] Yellow] Blue 


ISIN, Soto opioid cate motes Xylenol blue 0.02% |8.0-9.6] Yellow | Blue 
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A. Cohen (7) uses brom xylenol blue (dibromo xylenol 
sulphone phthalein). It has the same interval as xylenol blue. 

Barnett Cohen (8) has extended the Clark and Lubs series by 
the study of additional indicators which are listed below. 


INTERVAL OF COLOR CHANGE OF INDICATORS OF BARNETT COHEN 


| Color 


| Interval 


Name of Indicator Trade Name p 
miPEO I Acid \Alkaline 


m-Cresol sulphone phthalein. . .| Meta cresol purple OF5=25) Red Yellow 
7 2} Yellow] Purple 


Dibromo dichloro phenol sul- 


phone phthalemn <2 4.2... Brom-chlor phenol blue|3.2-4.8] Yellow} Blue 
Tetrabromo m-cresol sulphone 

PInEW alee a hoyse la. Seo eae: Brom cresol blue * 4.0-5.6| Yellow | Blue 
Dichloro phenol sulphone phtha- 

{ENIRE 2 steed: ame ey ee eS Chlor phenol red 5.0-6.0) Yellow | Red 
Dibromo pheno! sulphone phtha- 

Cie ae aera Nt ner es Brom phenol red 5.4-7.0; Yellow | Red 


} 
1 


* The author prefers the name brom cresol blue to that of brom cresol green which B. Cohen 
suggested. 


Michaelis (9) and his coworkers have recently developed a 
series of one-color indicators, whose use will be more fully 
described in the fifth chapter. 


CoLtor CHANGE INTERVAL OF INDICATORS OF MICHAELIS AND GYEMANT 


Color 
: Abbreviated Concen- | Interval 
Name of Indicator | hare Ne He ne Pico 
| H 

2,4-Dinitrophenol.. . |a-Dinitrophenol | 0.1% | 2.0- 4.7/ Colorless | Yellow 

2,6-Dinitrophenol...; 6-Dinitrophenol | 0.1% | 1.7- 4.4) Colorless | Yellow 

2,5-Dinitrophenol...| y-Dinitrophenol | 0.1% | 4.0- 6.0} Colorless | Yellow 

p-Nitrophenol......| Dinitrophenol 0.5% | 5.0- 7.6} Colorless | Yellow 
m-Nitrophenol..... Dinitrophenol 0.5% | 6.5- 8.5) Colorless | Yellow- 
| orange 

Alizarine yellow GG} Salicyl yellow 0.1% |10.0-12.0} Pale yel- | Orange 


low 
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3. The Most Important Properties of Indicators.—A brief 
description of the most important properties of indicators is 
given below. (Cf. also S. P. L. Sérensen (5).) The author 
refrains from giving preparation methods, since most indicators 
may be obtained commercially (from Dr. G. Griibler, Leipzig, 
for example). The real goal is to give specifications for the 
identification of the substances, because color compounds are 
brought into the market under varying names. Many indicators 
are used as dyes and are therefore described in the table of G. 
Schultz and F. Julius (Tabellarische Ubersicht der kiinstlichen 
organischen Farbstoffe, Berlin, 1902). In the following descrip- 
tions a number following the name Schultz refers to the corre- 
sponding number in the Schultz and Julius table. Where neces- 
sary, the method of purifying the trade preparation is given. 

Illustrations of the absorption spectra of many indicators 
are to be found in “ Indicators ” by E. B. R. Prideaux (10). 

(a) The Sérensen Indicators. (Cf. also Table IV at the end 
of this book.) 


METHYL VIOLET GROUP 


Methyl Violet 6B: Schultz No. 430. Pentamethyl benzyl 
pararosaniline hydrochloride with varying amounts of the 
tetra- and hexa-derivatives: 


CeHaN(CHs)2 
CeH4N(CHs)2 


0.1 per cent water solution. Change from yellow to green in 
interval between py 0.1-1.5. Changes from green to violet 
in interval: py 1.5-3.2. From 2-10 drops of indicator per 
10 cc. of solution. 

Not a very satisfactory indicator; large salt and protein 
errors; the color changes rapidly. 

Methyl Green: Schultz No. 456. Zinc chloride double salt 
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of the brom-ethylate of hexa- and penta-methyl-monethyl-para- 
rosaniline: 


/CoHN (CHs)2HCl 
(CHs)2=NCoHi—C€ 
ies CeH4aN(CHs)2 


CoHs Br 


0.05 per cent aqueous solution. Transition range py 0.1-2.3 
from yellow to greenish blue. Five drops of indicator per 10 cc. 
of solution. Large protein and salt errors. 


Azo INDICATORS 


Tropeolin 00 (or Orange IV, aniline yellow, or diphenyl 
orange): Schultz No. 97. Diphenylaminoazo-p-benzene sodium 
sulphonate: 

SO3NaCgsHaN=NC.sHaNHCcoHs. 


The commercial preparation is recrystallized from water. 
A 0.1 per cent aqueous solution is used. Transition range lies 
between xy 1.3-3.0; color change is from red to orange yellow; 
2 drops of indicator are used per 10 cc. of solution. 

It is a suitable indicator; the salt error is small. 

Methanil Yellow (or Victoria yellow, Methanil extra, trope- 
olin G): Schultz No. 91. Sodium salt of m-amido benzene 
sulphonate azo diphenylamine, 


SO3NaCgHaN=NC.HaNHCeoHs. 


The commercial preparation is recrystallized from water; a 
0.1 per cent aqueous solution is used. The color change from 
red to yellow lies in the range py 1.2-2.3. Two drops of 
indicator are used per 10 cc. 
The indicator is satisfactory; it has a small salt error. 
Dimethyl amino azo benzene (Methyl yellow, butter yellow): 


CeHsN=NCeH4N(CHs)2. 
Commercial preparation is recrystallized from dilute alcohol; 
a 0.1 per cent solution in 90 per cent alcohol is used. Change 
from red to yellow occurs in range py 2.9-4.0. Use 1-4 
drops of indicator per 10 cc. 
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Very satisfactory for titrations, especially of weak bases and 
of alkali bound to weak acids. Less satisfactory for colorimetric 
determinations because the indicator rapidly separates out in 
flocks. , 

Methyl Orange (helianthin, B, orange III): Schultz No. 96. 
Dimethylaminoazo benzene sodium sulphonate: 


SOsNaCe6HsN=NCe6H4N(CHs)2. 


Recrystallize the commercial preparation from water. Prepare 
an 0.1 per cent aqueous solution. The color change from red to 
orange lies between pu 3.0-4.4. Use 1-4 drops of indicator 
per 10 cc. of liquid. 

A theoretical study of the behavior of this indicator has 
been made by Thiel and his coworkers and by Kolthoff (11). 
According to these investigators, the color change is to be repre- 
sented by the equation: 

+HN(CH3)2RSO-3 a. Ons — N(CHs3)2RSO37- -L H20. 

yellow 

The red form is the so-called “‘ Zwitterion,’” or ampholytic ion 
of F. W. Kiister (1897). In this case it may be compared with 
the free amino base of its parent substance, dimethyl amino azo 
benzene; the red form (ampholytic ion) is comparable to the red 
cation of the parent substance. The quantitative relations are 
governed by the law of mass action: 

[+HN(CHs3)2RSO3-][OH-] [Red form] [OH-] 


[N(CH3)2RSO37-] ~ [Yellow Form] — Ks. 


At 18°, according to the author’s experiments, Kn = 2 X 10-1, 
and px = 1072 
Thiel and Dassler (11) found at 25°: 


Ks = 3.2 X 1074; pe = 10.5. 


The indicator is very satisfactory for colorimetric determina- 
tions; the salt error is small. 

Methyl Red: Dimethyl amino azo _benzene-o-carboxylic 
acid: 


COOHCsH1i—N=NC.HiN (CHs3) 2. 
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This indicator was introduced by E. Rupp and R. Loose (12). 
According to Sven Palitzsch (13) the commercial preparation is 
purified as follows: 4 g. of methyl red are heated with 30 cc. 
of glacial acetic acid. After filtration, water is added until 
the solution begins to become turbid. The turbidity is removed 
by warming and the solution is cooled very rapidly. If the 
amount of water added was not too large, the methyl red sep- 
arates in crystals. 

An 0.2 per cent solution is used: 1 g. of methyl red is dis- 
solved in 300 cc. of alcohol, and is then diluted with water to 
500 cc. The change from red to yellow falls in the range pu 
4.4-6.2._ From 1-4 drops of indicator are used per 10 cc. 

The indicator is very satisfactory, as the salt error is small. 

As in the case of methyl orange, we may regard the free 
methyl red as an ampholytic ion (Zwitterion). It reacts with 
acids to form the free carbonylic acid, which in this case is 
a cation: 


+HN(CH3)2RCOO- + H+ @ +HN(CHs3)2RCOOH. 
The dissociation constant of the acid is: 
K, = 2.5X 10-3; pe = 1072-80, 
When the methyl red changes from red to yellow we are dealing 
with its basic properties: 
+HN(CH3)2RCOO- + OH- = N(CH3)2RCOO- + H20. 


red yellow 


The equilibrium relations are expressed quantitatively by the 
relation: 
[+HN(CH3)2RCOO-][OH-] _ [Red form] [OH-] _ K 
= = Ks, 
[N(CH3)2RCOO-| [Yellow form] 


Keg = jo xX i ip px. = 10-2. 


(See bibliography under methyl orange.) 
Neutral Red: as-dimethyl diamino phenazine chloride: 


ca 
N(CHs) 2CoHs | //CoH2CHsNEp. 
N 
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0.1 per cent solution: 0.5 g. of neutral red is dissolved in 300 cc. of 
alcohol and then diluted to 500 cc. The conversion range red 
to yellow-orange is py 6.8-8,0. From 1-4 drops of indicator 
are used per 10 cc. of solution. The indicator is satisfactory; 
salt error is small. 

(There is another color change in strongly acid solution; 
at po = — 0.3 the color is blue; at pa = 0 blue violet; at 
Pr al red.) 

Tropeolin 000 (a-naphtholorange): Schultz No. 102. Sul- 
phanilic acid-azo-a-naphthol: 


SO3HCeH1aN=NCi0He6OH. 


The commercial substance is recrystallized from water; a 0.1 per 
cent aqueous solution is prepared. Color change brownish 
yellow to rose red in interval py 7.4-8.6. Use 2-5 drops of 
indicator per 10 cc. of solution. 

Curcumine (brilliant yellow S): Schultz No. 100. -Sulpho- 
benzene azo diphenylamine sulphonic acid. 


SO3HCeH1aN=NCeH3S03H (CeHs) 2. 


0.1 per cent aqueous solution. Color change interval lies between 
pu 7.4-8.6. Change: yellow to reddish brown. Use 1-5 drops 
of indicator per 10 cc. 
Salicyl Yellow (alizarine yellow): Sodium #-nitraniline azo 
salicylate: 
—=NC.bH4NO2 


a 
\_ coor 
OH 


0.1 aqueous solution. Transition from yellow to lilac in range 
pu 10.1-12.1. From 1-5 drops of indicator per 10 cc. Very 
suitable for colorimetric determinations. ; 

Tropeolin 0 (gold yellow): Schultz No. 101. Sodium salt of 
azo-resorcin sulphanilic acid: 


SOsNaCgHsaN=NCe6H3 (OH) 2. 
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Use 0.1 per cent aqueous solution. Changes from yellow to 
orange brown between py 11.0 and 13.0. 1-5 drops of indicator 
are used per 10 cc. of solution. Nitramine, which has the same 
range, is a more suitable indicator than tropeolin 0. 

Benzopurpurin 4B (cotton red 4B; Sultan 4B): Schultz No. 
268. Sodium salt of o-toluidine-diazo-bi-1-naphthylamine-4- 
sulphonic acid: 


SO3Na SO3Na 
> CioHsN=NCcHsCH—CoHs CHs—N=NCioHsC 


NH2 


The commercial preparation is purified by precipitation from 
aqueous solution with hydrochloric acid, washing and drying. 
An amount of alkali insufficient to dissolve the whole precipitate 
is added and the solution is evaporated. Use 0.1 per cent aqueous 
solution. The color change from blue violet to red lies in the 
range py 1.3-4. Use 1-3 drops of indicator for 10 cc. of solution. 

The salt and protein errors are large and the substance can 
not be recommended as an indicator. 

Congo Red (Congo G. R.): Schultz No. 148. Sodium salt of 
benzidine disazo-m-amidobenzene sulphonic acid-1-naphthyl- 
amine-4-sulphonic acid: 

SOsNa, SOsNa 
PE WHSNN CoHsCoHsN SNC oH 
NH2 NHe2 


NHe 


Purification of the commercial preparation is effected as in the 
case of benzopurpurin. A 0.1 per cent aqueous solution is 
used. Interval of change between py 3.0 and 5.2; color changes 
from blue-violet to red. 1-3 drops of indicator per 10 cc. 

Large salt and protein errors; this indicator can not be rec- 
ommended. 


PHTHALEINS 


a-Naphthol phthalein: meets 
Js 10HeOH)2 


C 
“A 
CoH O 
HK 
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This substance was first introduced as an indicator by S. P. L. 
Sorensen and S. Palitzsch (14). They prepared it according to 
the directions of Grabowski. Melting point 253-255°. The 
commercial preparation may be purified by washing with 
alcohol. A 0.1 per cent solution in dilute alcohol is used: 500 
mg. are dissolved in 250 cc. alcohol and diluted to 500 cc. Changes 
from pale yellowish rose to green in range py 7.3-8.7. 1-5 drops 
of indicator are used per 10 cc. 

Suitable indicator; salt and protein errors are small, 

Phenol phthalein: Melting point 250°. 


J OTHOW) 
CHC 0 


The commercial preparation is recrystallized from methyl or 
ethyl alcohol. 1 or 0.1 per cent solution is used. 5 g. or 0.5 g. 
respectively is dissolved in 300 cc. alcohol, then diluted with 
water to 500 cc. Changes from colorless to red between py 
8.2-10.0. Becomes colorless in strongly alkaline solutions just 
as other phthaleins do. , 

Very suitable indicator; salt and protein errors are small. 

Thymol phthalein: Melting point 253°. Use 0.1 per cent 
solution in alcohol. Changes from colorless to blue in range 
eo/3-10.5: 

Behavior resembles that of phenol phthalein. 


ANTHRAQUINONE DERIVATIVES 


Alizarine: Schultz No. 523. a-g-Dioxyanthraquinone: 


CO 
A 
CeH4 CgH2(OH)s. 
6 Seen (OH) 


0.2 per cent solution of the trade preparation in 90 per cent 
alcohol. Changes from yellow to violet in range py 5.5-6.8. 
Use 1-4 drops of indicator per 10 cc. solution. 
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It is better to use sodium alizarine sulphonate which is soluble 
in water: 


co 
CoH CoH (OH)2SO3Na. 
CO 


Alizarine Blue: Schultz No. 528. Dioxy-anthraquinone- 
quinoline. Melting point 270°: 


co 
CoH SCoHSO.N. 
CO 


Use saturated solution in alcohol. Changes from yellowish red 
to blue between fy 11.0 and 13.0. 
Not a very suitable indicator. 


OTHER INDICATORS 


Rosolic Acid (Aurin; yellow Corallin): Schultz No. 457. 
Mixture of aurin, oxidized aurin, methyl aurin, and pseudo- 
rosolic acid or corallin phthalein; the latter is the principal com- 
ponent: 

/©oHsOH 

O= Gi — CO 
CeH3CH30H. 

Prepare 0.5 per cent solution in dilute alcohol: 2.5 g. of rosolic 

acid are dissolved in 250 cc. alcohol and diluted with water to 

500 cc. Color change red to yellow; range py 6.9-8.0. Per 

10 cc. solution use 1—3 drops of indictaor. 

The indicator is especially suitable for titrations in alcoholic 
solution. 

Isopicramic acid (2, 6-dinitro-4-aminophenol): This indicator 
was recommended by Meldora and Hale (Chem. World, 1, 327 
(1912). A 0.1 per cent aqueous solution is used. Changes from 
rose to yellow between py 4.1 and 5.6. 1-5 drops of indicator 
are used per 10 cc. of solution. 

Resazurine (Azo Resorcin): 0.1 g. of the dye is dissolved in 
20 cc. 0.1 N sodium hydroxide and diluted with water to 500 cc. 
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The change from orange to dark violet occurs between py 3.8 
and 6.5. From 1-5 drops of indicator are used per 10 cc. 

Lackmoid (or Resorcin blue): CizHgO3N. Fr. Glaser (15) 
uses the degree of solubility in boiling water as a criterion of the 
worth of a commercial preparation. If little or none of the 
material dissolves in boiling water the preparation is not to be 
used. If, on the other hand, boiling water is colored a beautiful 
deep blue the preparation may be used. In this case the alco- 
holic solution will show a good blue color shading into violet, 
whereas a less satisfactory quality of lackmoid will dissolve to 
yield a brownish violet color. The pure blue substance is 
extracted from the extremely finely powdered commercial 
preparation with hot water, without carrying the process to 
completion, in order to avoid the solution of the red fluorescing 
compound with which such preparations are commonly contam- 
inated. The coloring matter is precipitated from the cold fil- 
tered blue solution by making it feebly acid; after several hours 
the precipitate is collected on a filter and washed thoroughly 
with cold water. The material is either dried at a low tempera- 
ture, or dissolved from the paper with alcohol, and the latter 
is evaporated off on the water bath. The yield is 40 per cent 
from good commercial preparations. Very pure lackmoid is 
also obtained by the warm digestion of the commercial material 
with 96 per cent alcohol, followed by filtration and evaporation 
over sulphuric acid in vacuo. A 0.2 per cent alcoholic solution 
is prepared from the purified lackmoid. The change is from red 
to blue from py 4.4 to 6.4. 1-5 drops of indicator are used per 
10 cc. of solution. 

Hottinger (16) recommends Lackmosol instead of Lackmoid. 

Azolitmin (cf. F. Glaser (15)): The litmus of commerce has 
a variable content of azolitmin which averages 5-6 per cent. 
It is extracted from the litmus by cold water; the solution is 
evaporated with the addition of sand, after the addition of enough 
hydrochloric acid to color the liquid strongly red. The dried 
powder after evaporation is washed on large smooth filters, first 
with hot, then with cold water, and is then dried completely 
on the water bath. The azolitmin is thus precipitated on the 
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sand. In order to prepare a solution, from the powder thus 
obtained, for use as indicator, the powdered material is extracted 
on a filter with hot water and several drops of ammonia. The 
filtrate is acidified with a few drops of of dilute sulphuric acid, is 
again neutralized and then forms an excellent indicator solution. 
If the solution is largely diluted and several drops of sulphuric 
acid are added, the azolitmin separates out almost completely 
pure as a red-brown precipitate, while a small amount of foreign 
matter remains in solution. If this purified azolitmin is covered 
with water which contains traces of ammonia, it dissolves with 
an uncommonly brilliant blue color. See Glaser (15) for other 
purification methods. The indicator solution is prepared by dis- 
solving 1 g. of azolitmin in 100 cc. of weakly alkaline water and 
then neutralizing carefully with acid to the violet color. Change 
from red to blue lies in range py 5.0-8.0. From 1-10 drops indi- 
cator per 10 cc. 

The salt and protein errors are large. The indicator is there- 
fore unsatisfactory for colorimetric determinations. 

Di-orthohydroxy-styryl ketone: 

O=C=(CH=CHC.6H10H):. 

This substance was recommended by Aron (17) for use as an 
indicator. 0.05 per cent solution in alcohol. Changes from yel- 
low to green between py 7.3 and 8.7. 

Nitramine (Picrylmethylnitramine): 2, 4, 6 trinitro phyenyl 
methyl nitramine (tetryl or tetralite): 


ae Oz 
— CH3 
(A 
NOX C\no: 
NO2 


Melting point 127° (van Romburgh (18)) (according to 
Reverdin 129°; Franchimont 132°). 

Picrylmethylnitramine is the first compound which was 
known as nitramine (van Romburgh (18)). It is obtained by 
heating dimethyl aniline with fuming nitric acid; it then forms 
picryl methylnitramine with vigorous evolution of gases: 


CeHsN(CHs)2 Sat (NOz)3CeH2NNO2CHs. 
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One of the methyl groups is oxidized and replaced by a NOz 
group during the nitration of the benzene nucleus. An 0.1 per 
cent solution in dilute alcohol is used (500 mg. in 300 cc. alcohol, 
then diluted with water to 500 cc.). Changes from colorless to 
red-brown between py 10.8 and 13. One to 10 drops of indicator 
are used per 10 cc. of solution. 

It is a satisfactory indicator; salt error small. The indicator 
solution should be kept in the dark. 


INDICATORS OF CLARK AND LUBS 


The sulphone phthaleins are all indicators with very sharp 
color change and with colors readily distinguishable from each 
other; the colors change from yellow to intense red, blue, or 
purple. Xylene blue (i.e., p-xylenol sulphone phthalein) was 
added to the series by A. Cohen (19). This indicator has the 
same transition interval as thymol blue, namely between py 
1.2 and 2.8 (red to yellow) and between py 8.0 and 9.6 (yellow to 
blue). It possesses the advantage of a color intensity twice 
that of thymol blue. The preparation is analogous to the sul- 
phone phthaleins (cf. Clark and Lubs (6)). It is made from a 
reaction mixture of 10 parts of o-sulphobenzene dichloride or the 
acid anhydride, 10 parts of molten zinc chloride and 15 parts of 
p-xylenol (M. P. 74.5°; B.P. 211 5°); p-xylenol may be prepared 
conveniently from diazotized p-xylidine. The reaction mixture 
thus prepared is heated for six hours in a bath and the melt is 
then heated with 40 parts of water until it has broken up. The 
solution is filtered hot and the residue washed with warm water, 
and finally with a little alcohol. It is then dissolved in an excess 
of sodium hydroxide and precipitated with hydrochloric acid, 
stirring well. The precipitate is filtered and recrystallized from 
alcohol. 

The sulphone phthaleins, which are brought on the market 
by Hynson, Westcott and Dunning, Pharmaceutical Chemists, 
Baltimore, Md. (and also by Dr. G. Griibler, Leipzig), may be 
used without further preparation in indicator solutions. The 
author dissolves 100 mg. of indicator in 20 cc. warm alcohol and 
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then dilutes with water to 100 cc. Clark first neutralizes the sul- 
phonic acid group, and he gives the following directions: 100 mg. 
of indicator is rubbed in an agate mortar with the amounts of 
alkali specified below. When solution is complete the mixture 
is diluted to 25 cc. 


Molecular Ties cc. gy N NaOH 
Weight 2 for 100 Mg. 


354 Phenol red 5 
669 Brom phenol blue 3 
382 Cresol red 5 
540 Brom cresol purple Se 
466 Thymol blue 4 
624 | Brom thymol blue 3 


The following observations should be made about the use of 
the sulphone phthaleins: 

(a) The relative change of the color relation between the two 
forms is greatest in every instance at pu = pum, Le., at the pu 
where the indicator has been half transformed. Nevertheless a 
small change in the ratio of the two colors is more readily per- 
ceptible on the acid side of the interval of change than in the 
region where the indicator has been more than 50 per cent trans- 
formed. The reason for this is that the alkaline form of the 
indicator is much more highly colored than the acid. 

(b) The color of a sulphone phthalein depends upon the 
quantity and the intensity of the light that is absorbed. The 
phenomenon of “ dichromatism,” that these indicators exhibit, 
is a factor in the color relations. Brom phenol blue and brom 
cresol purple, especially, show the phenomenon. They are 
blue when in thin layers of solution, and purple when seen 
through greater depths. The explanation of this phenomenon is 
as follows (cf. Clark): In alkaline solution the absorption bands 
in the yellow and green predominate, and hence the transmitted 
light is principally red and blue. The incident light has a certain 
intensity, I. After passage through a unit layer of solution it is 
Ia, where a is the “ transmission coefficient.’’ a depends upon 
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the nature of the absorbing medium and the wave length of the 
incident light. After passage through the layer ¢ the intensity 
is Ia‘. The intensity of the transmitted blue light is Ia’pne, 
and of the red, Ia‘tea. We will now assume the arbitrary values 
that Clark used to illustrate the phenomenon. Assume, for 
example, that the strength (intensity) of the blue light is 100 
and that of the red is 30: 
Ope = 20.04 ‘tea, = (WE, 


If 

G1 Ld ‘pine 
For 

@ = 10, Ietme = 0:01, and Iatea = 0,30; Hence blue < red; 


50, and Iatea = 24; Henceblue > red. 


If we observe through a thin layer the light is blue, while it 
appears red through a thicker layer. If the intensities of the 
incident colors are changed, the color of the transmitted light is 
also changed. If, for example, Irea = 100, and Ipive = 30, then 
fore cr= Wo lpdpue = 15, slagna— 80; hence red sbiue we Loe 
light is then red. We see therefore that if we bring a solution 
from daylight (much blue light) into a room that is lighted by 
a carbon filament lamp the color of the solution changes from 
blue to red. 

These considerations are also important in the explanation of 
the phenomena which appear in the use of the phenol sulphone 
phthaleins in turbid solutions, e.g., suspensions of bacterial cul- 
tures. When a deep layer‘of the fluid is viewed, only a small 
amount of light from the bottom of the vessel reaches the eye. 
Most of the light enters the side, is reflected by the particles, 
and has thus traversed a thin layer of liquid. We, therefore 
perceive a blue color. A comparison of the color with that of 
the indicator in a clear buffer solution is scarcely possible, for a 
thin layer of fluid would have to be taken. The result is then 
only an approximation. 

The error may be eliminated by changing the kind of light 
so that either the red or blue is eliminated. The absorption 
spectrum of the indicator solution affords a decision as to which 
color should be avoided. 


MICHAELIS’ INDICATORS (hs: 


The author wishes to observe that in various solutions sul- 
phone phthaleins possess colors that are different from those in 
the buffer solutions which are used for comparison. When the 
solution to be examined has a “ transmission coefficient ” for 
one or both kinds of light absorbed that is different from that of 
the aqueous buffer solution the colors of the two solutions are no 
longer comparable. The author has found that the dichromatism 
of brom phenol blue and other sulphone phthaleins is entirely 
avoided by various substances, e.g., alcohol, acetone, individual 
alkaloid solutions. Hence brom phenol blue changes from 
yellow to pure blue in alcohol or dilute alcoholic solutions; in 
aqueous solution the intermediate colors are entirely different. 
These factors must be considered in the colorimetric determina- 
tion of hydrogen-ion concentration. (See Chapter V.) 

Some of the new indicators of Barnett Cohen have distinct 
advantages. This is especially true of brom cresol blue and 
chlor phenol red, for they have a pure color change free from 
dichromatism in the color virage. 

The dissociation constants of various indicators are given in 


Chapter V. 


INDICATORS OF MICHAELIS 


These are obtainable from (the plant of Leopold Cassella & 
Co. in Frankfort a.M.) Dr. G. Griibler, Leipzig, and the United 
Plants for Laboratory Supplies (Vereinigten Fabriken fiir 
Laboratoriumsbedarf) Berlin, N. 39. 

The preparation of the indicators is mentioned in the pub- 
lications of L. Michaelis and A. Gyemant and in those of L. 
Michaelis and R. Kriiger. 

Salicyl yellow is m-nitrobenzene azo-salicylic acid (alizarine 
yellow, G. G. Schultz, No. 30). 

In contrast with Michaelis, the author uses the indicators in 
0.1 per cent alcoholic solution. Only in the cases of m-nitro- 
phenol and p-nitrophenol are 0.3-0.3 per cent aqueous solution 
used. 

Michaelis and Gyemant (9) give the following directions for 
testing the suitability of m-nitrophenol: 
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The 0.3 per cent standard solution is diluted five- to ten- 
fold with water. .A portion of this diluted solution must remain 
colorless when a few drops of 7's molar primary potassium phos- 
phate are added (Sérensen) ; a second portion must become green- 
ish yellow with a few drops of secondary phosphate (Sérensen) ; 
a third when treated with a few drops of sodium hydroxide must 
become visibly darker (brownish) yellow. 

4. Classification of Indicators.—As Schoorl (20) has shown, a 
simple classification of indicators is apparent from the graphical 
representation of the relationships. If conversion interval lies 
in the neighborhood of py = 7 the indicator is equally sensitive 
toward hydrogen and hydroxy] ions and it is then called neutral. 
If the indicator exponent pum—li.e., the negative logarithm of 
Kym, which corresponds to the hydrogen-ion concentration when 
the indicator is 50 per cent changed, is smaller than 7 the indi- 
cator begins to change while the reaction is acid; it is then 
called alkali sensitive. If, however, the acid exponent is greater 
than 7 the change first commences in the alkaline region; the 
indicator is therefore acid sensitive. 


CLASSIFICATION OF INDICATORS 


Transition interval at about py = 7; neutral indicator. 
For example: Neutral red, phenol red, or azolitmin. 

Interval at pu > 7: sensitive to acids. 

For example: Phenol phthalein and thymol phthalein. 

Interval at py < 7: sensitive to bases. 

For example: Methyl yellow, methyl red. 

If you treat a neutral solution, as, for example, conductivity 
water, with various indicators, then it is found that: 

Neutral red or phenol red give a transition color. 

Phenol phthalein gives the acid color (colorless). 

Methyl yellow its alkaline color (yellow). 

When the reaction of a solution toward an indicator has been 
thus established the true reaction of the solution as defined in the 
first chapter has not been found. Ifa liquid reacts acid to phenol 
phthalein we know that its py is smaller than 8, and if the reac- 


CLASSIFICATION OF INDICATORS ae 


tion toward ethyl yellow is alkaline the py is greater than 4.2. 
Now if we determine the tint that neutral red assumes in a given 
fluid the alkaline or acid tint corresponds to the true acid or alka- 
line reaction. 

Indicator acids have already been considered. Exactly the 
same theoretical considerations may be applied to an indicator 
base, InOH: 

InOH @ Int + OH-, 


[In*]_ _ Kion 
[MOH] ~ [OH-] (88) 
In+ is the acid and InOH the basic form. Since [OH~] equals 
Kuo ; ae 
[H+] the second member of (88) is: 

Kinon = Kinon 


[OH che ot Kx.6 


EL. 
If the concentration of the alkaline form is placed in the numer- 
ator, as was done in the case of acid indicators, we have: 


[InOH| = Kano 
[In +] ere [H+] 


(89) 


If we substitute for Sei a new constant K’, equation (89) is 
InOH 
thrown into the form: 
[InOH] Ke 
= 7 oy gene a ie See owe (OU) 
[n+] ~ [H+] oe 


We thus obtain an equation corresponding to that found for 
acid indicators, and all of the remarks that were there made 
concerning the transition interval apply also to basic indicators. 

The transition interval is different for each indicator, and 
there is also the limitation that it is not a fixed quantity. Aside 
from the personal equation, it also varies with the depth of liquid 
that is observed, with the indicator concentration, and with the 
temperature. 

Formerly the indicator concentration, especially, was not 
considered thoroughly enough. Since it is significant both in 
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colorimetric hydrogen-ion concentration determinations, and in 
many titrations, it will be considered in some detail here. 

5. Influence of Indicator Concentration on the Transition 
Interval.—Obviously there is a fundamental difference between 
one- and two-colored indicators. The former, being simpler, 
will be considered first. 

(a) One-color Indicators. We shall again assume that the 
indicator is an acid of formula HIn; it follows from equation 
(84) that: 


[in] _ Kun 
[HIn] [H+] 
Mole [Gide 26s 


Here [In-] is the concentration of the colored ion and [HIn] of 
the colorless. Assume that we have a certain solution whose 
[H*] is fixed by a given buffer mixture; then in equation (91) 


Kain 


(H+ is a constant which may be called K’; then 


(inet Kk ca ELE Suet oe ee) 


It is therefore evident that the amount of the colored form is 
proportional to that of the undissociated indicator. Now if 
[HIn] increases, then the color will be proportionally deeper for 
unchanged hydrogen-ion concentration. Since most indicators 
are only very slightly soluble, [HIn] very soon approaches the 
saturation value, so that the color can only increase to a limited 
extent. If the solubility of the indicator is represented by O, 
then for a fixed hydrogen-ion concentration the maximum color 
intensity [In~] is given by: 


[In=|'=. O50 kK" 7a ens 


Expressed in words this means that upon addition of a one-color 
indicator to a buffer mixture the color intensity rises to a max- 
imum at which point the solution is saturated with indicator. 
On the other hand, a certain minimum indicator concentration 
is necessary to reach the limit of visibility of the colored form: 
there must, in other words, be a definite amount of the balred 
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form present before it can be perceived. This necessary min- 
imum is not invariable for it depends both upon personal equa- 
tion, and especially upon the depth of liquid used. If it has been 
found that a certain minimum, which we will call [In-mnJ, is 
necessary to be perceptible, then 


(Ton Ss HInmin| x Kx es, Bens (94) 


At a given hydrogen-ion concentration the amount of [In-] 
i.e., the color intensity, varies between [HInan] X K’ and 
O X K’. The foregoing considerations are of very great signifi- 
cance in the colorimetric determination of hydrogen-ion concen- 
tration. We will return to this matter later (Chapter V). 

The indicator concentration also influences the magnitude 
of the transition interval (virage) of a one-color indicator. Sup- 
pose that we have two one-color indicators whose colored forms 
are equally perceptible (hence [In~nm] the same for both) and 
whcse dissociation constants are also equal, and that an amount 
of each necessary for saturated solution is always used Le., 
({HIn] = [O]), then it follows from equations (91) to (94) that the 
beginning of the interval lies at hydrogen-ion concentration: 

[H+] = na Ee x K (95) 
[In ne HIn- . . . . . 

If the solubility of one indicator is 100-fold as large as that 
of the other, then at equal hydrogen-ion concentrations the con- 
centration of the colored form of the first will be one hundred 
times as large as that of the second. In other words the begin- 
ning of the interval of the first indicator will lie at a hydrogen-ion 
concentration that is one hundred times as large as that of the 
second indicator, provided we work with saturated solutions. 
The fy of the beginning of the interval of the first indicator will 
be about 2 units smaller than that found when the second indi- 
cator is used. Although both indicators have the same dissocia- 
tion constant, the transition interval of the more soluble one is 
considerably more extended than that of the second. 

The end-point of the interval of the more soluble indicator will 
be reached only a trifle sooner in case of the more soluble indi- 
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cator than in that of the less soluble. This difference is of no 
great significance. At the end of the interval it is difficult to 
maintain a saturated solution because the indicator salt is readily 
soluble, and we must therefore add a large amount of indicator. 

On the assumption that the end of the interval is reached 
when 91 per cent of indicator is in the alkaline form, the interval 
in solution saturated with indicator lies between the hydrogen- 
ion concentrations: 


' 1 
[H+] = | x Kann, and [H+] = Saar i* Kenn a 10 Kunin, 


[In ~ min, 


or between 


In min, 
eyes parents vl and bu = pum + 1. 


It is apparent from the following investigation that these con- 
siderations are of practical importance. It has been stated that 
the solubility of phenol phthalein is considerably greater than 
that of thymol phthalein, and thus the interval of color change is 
much greater for phenol phthalein than that of thymol phthalein. 
Further, the solubility of -nitro phenol is still larger than that 
of phenol phthalein, so that p-nitro phenol has a very great 
conversion interval. 

Phenol Phthalein.—A commercial preparation was purified 
with methyl alcohol according to McCoy’s (21) directions. 
A 0.1 per cent solution in 70 per cent alcohol was prepared. 
Various amounts of this solution were allowed to flow into quan- 
tities of water in small calibrated flasks so that the final volume 
was always 50 cc. These solutions were poured into Nessler 
cylinders and observed against black backgrounds to find the 
concentration at which opalescence was just barely perceptible. 
It was found by several repetitions of the experiment that the 
limit lay at 4 cc. of 0.1 per cent solution in 50 cc. of water; the 
opalescence was just barely visible. The accuracy of this 
sort of experimentation is only about 10-15 per cent. Accord- 
ing to this experiment the solubility amounts to about 8 cc. of 
1 per cent solution in 1000 cc., or about zoe molar, whereas 
McCoy found a solubility of ¢z¢o0 molar. 
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It was next attempted to find the minimum concentration 
of the red form [In~m,] that was just visible against a white 
background through an 8 cm. depth of liquid contained in a 
Nessler cylinder. Various dilutions of the 0.1 per cent solution 
were made. To each 50 cc. was added 1 cc. 4 N sodium hydrox- 
ide, and it was then found at what concentration a pale rose color 
was just perceptible. The color could be seen at an indicator 
concentration of 2 X 10-® molar, while at the value 1 X 10-6 
molar it was doubtful. Under these conditions we may assume 
that [In-mm] is 2 X 10-° molar. The value is greater than this 
for ordinary titrations because less favorable conditions of obser- 
vation then prevail. 

The content of colored form which gave no observable change 
to the eye upon further addition was then determined. The 
solutions were in Nessler cylinders. This amount was found 
to be when 5-6 cc. of 0.1 per cent solution were present in 50 cc. 
and in other experiments 1.5 cc. 0.05 per cent dilution. 

It therefore follows that the beginning of the conversion 
interval of phenol phthalein is at: 


[H+] = 


(In Si | X Kum, 


= 2.5 X 10-4 molar, 


jin=.0.) = 2 X 10-6 molar, 


and on the basis of pum = 9.7, ; 
2 Sei 
pu = 9.7 + log a5 Xx 10-4 = 7.6. 


As a matter of fact a boric acid-borax mixture saturated with 
phenol phthalein shows a barely visible rose color at py = 7.8. 

When McCoy stated that the rose coloration due to phenol 
phthalein is first visible at [H+] = 10~* he should also have stated 
the concentration of indicator that he used. 

The end-point of the interval lies at a py that is smaller than 
10 in our instance, and for saturated solution of phenol phthalein 
at px = 9.4. This indicates, therefore, that Pum not constant. 
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Thymol Phthalein. The investigation was conducted in the 
manner that has been described, so that it will suffice here to 
give the results without the details. 

The solubility is much smaller than that of phenol phthalein, 
since a turbidity appears when 12.5 cc. of a 0.1 per cent solution 
are present per liter, i.e., for 1.25 X 106 g. per liter. 

Further, we have: 


[inion varie LUp rope diter, 
The beginning of the transition interval is at: 


E Pamela 
Pu = Pum + 108 195 x 10-6" 


The start of the interval therefore lies at a py which is about 
of the same magnitude as pum. According to Sérensen the 
interval of thymol phthalein lies between py 9.3 and 10.5. The 
author found the beginning at py = 9.2. From other experi- 
9.3 +1075 

ae 


ments he found that the value for pum is not = 9.9) 


but only equal to 9.2. 

It is therefore evident that pum can not always be read 
directly from the curve (see page 57) as the point at which 
50 per cent of the indicator has gone over to the alkaline form 
(cf. Rosenstein, 1912). Since this point has a special significance 
we may better call this py the indicator exponent, py. 

Para Nitro Phenol. ‘The solubility in this case plays an espe- 
cially important réle for the interval. A 1 per cent solution was 
made from a preparation of melting-point 112-113°; more 
dilute solutions were prepared from the 1 per cent solution. 


Upon observing the yellow color in Nessler cylinders the author 
found: 


(in a.| = 1020 molar 


[In max] is naturally much more difficult to determine. The 
alkaline color of p-nitro phenol is greenish yellow at small con- 
centrations, golden yellow at larger concentrations. When 1 cc. 
of 1 per cent p-nitro phenol was added to 50 cc. of a very dilute 
alkali solution further addition of the indicator gave almost no 
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perceptible change. [In~max] is therefore about 2 X 10~ g. 
per liter. From’ the investigations of Sérensen (sce table, page 
59) the interval of p-nitro phenol is found to be between py 
5.0 and 7.0. Therefore the dissociation constant of the indicator 
is deduced to be 10~°. 

Since p-nitro phenol is a very readily soluble indicator, it is 
to be expected that it should be able to impart a yellow color to 
the solution at a much lower hydrogen-ion concentration when 
a large quantity of it is used. This is shown to be true from the 
following tests with 0.1 N acetic acid which has a py of 2.87. 
10 cc. plus 1 cc. of 1 per cent p-nitro phenol; pale blue color; 

10 cc. plus 2 cc. of 1 per cent p-nitro phenol; only slight yellowish. 
blue coloration; 
10 cc. plus 3 cc. of 1 per cent p-nitro phenol; plain yellow color. 

With +s molar NaH2POs.. 

Enough 0.1 per cent p-nitro phenol solution was added to 
10 cc. of aqueous solution to give a slight visible yellow coloration. 

Upon addition of 1.7-1.8 cc. the color was extremely pale, 
but was plainly perceptible when 2.0 cc. had been added. The 
experiment was repeated, using 1 per cent solution. Upon addi- 
tion of 

0.14 cc. of 1 per cent solution no color evident, 

0.18 cc. of 1 per cent solution pale yellowish shade, 

0.20 cc. of 1 per cent solution color quite plain. 

It is to be concluded therefore that p-nitro phenol may change 
even at py = about 3.0 (i.e., in about 0.1 N acetic acid) if a suf- 
ficient amount of indicator is present. 

The approximate value of the dissociation constant may be 
calculated from these data. Having established that a pale 
yellow color appears in 0.1 N acetic acid when 2 cc. of 1 per cent 
solution have been added to 10 cc. and that [In~nm,] is about 
equal to 10-7 molar, we find: ! 


[In-] 3139. 10-7 = Ken 3 Kum 
[HIn] — 5 lH 105%? 
Ka = avout 7X 407s 


1The molecular weight of p-nitro phenol is 139. 
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We see therefore that an erroneous value is found for the disso- 
ciation constant of p-nitro phenol if we set the value of Pum equal 
to pu at the middle of the conversion interval as given in Séren- 
sen’s table (cf. also Chapter V, page 162). 

No further emphasis is needed to show that these deductions 
and considerations are of great significance for the colorimetric 
determination of hydrogen-ion concentration. The concentra- 
tion error would be largest in using p-nitro phenol as indicator, 
less in the case of phenol phthalein, and smallest when using the 
difficultly soluble thymol phthalein. 

(b) Two-color Indicators. In this case the influence of 
concentration upon the conversion interval is much more involved 
than in the former class of indicators. It should be observed 
at the outset that the two branches of the transition curve 
(Fig. 11 page 57) are not in general symmetrical with respect 
to each other because the sensitivity with which the acid form 
is perceptible in presence of the alkaline is generally different 
from that in the reverse case. For example, the red acid form of 
methyl yellow has a much greater color intensity than the 
alkaline form, the concentrations being equal, so that the former 
may be detected in presence of the latter at a much lower con- 
centration than in the reverse case. We will deal with this 
question more extensively later. 

A further difficulty arises when one of the two forms is diffi- 
cultly soluble. This point has to be watched for, especially 
in colorimetric hydrogen-ion concentration determinations, 

As an example may be cited the azo-type of dyes, as for 
instance dimethylaminoazobenzene (methyl yellow). 

Methyl yellow is a weak base, of prox = 10, that is very 
difficultly soluble and shows a yellow color. The red-colored 
salt, on the other hand, dissolves more readily in water. In 
equation (90): 

[InOH] K’ 


Tepito fe 


[InOH] is the concentration of the yellow form, [In-] that of the 
red form. For every given hydrogen-ion concentration there is 
a definite relation between the yellow and the red form. As we 
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add increasing amounts of indicator to a given solution the mag- 
nitudes of [InOH] and [In~] will increase equally until the solu- 
tion is saturated with InOH. From this point on [InOH] and 
[In-] remain constant. The excess of indicator remains in solu- 
tion in a colloidal form that possesses the same yellow color as the 
alkaline form. In such a solution the color of the indicator cor- 
responds to a stronger alkaline reaction than is actually at hand. 

For the above reasons it is more advisable to use methyl 
orange, which is readily soluble in both acid and alkaline solution, 
in colorimetric determinations, rather than methyl yellow. 

Methyl Yellow or Dimethylaminoazobenzene. A preparation 
purified by boiling a number of times with fresh portions of water 
was used for the preparation of saturated solutions. 

1. One portion was thoroughly shaken with water. 

2. Another part was boiled with water and allowed to stand 
for several days. 

3. Finally an alcoholic solution was added to water and 
allowed to stand for several days. The clear solution was 
siphoned off carefully in each case and compared colorimetrically 
with dimethyl yellow solutions of known concentration. Well 
agreeing values were found, indicating a solubility of about 
0.5 mg. per liter. Hence if a 0.1 per cent solution is used to 
make a colorimetric determination of [H+] in 10 cc. of a fluid 
not more than 0.05 cc., or about one drop, should be used. 

The sensitivity of the detection of one form in the presence 
of the other will be considered in the next chapter. 

6. Effect of Temperature on the Transition Interval of Indi- 
cators.—Schoorl (20) has dealt with the effect of heat upon 
indicators. He found that on boiling the color of the alkali- 
sensitive indicators is displaced toward the basic side, and that 
of the acid-sensitive indicators toward the acid side. He found 
an explanation in the increasing dissociation constant of water. 
This interpretation clarifies the discussion. 

The color of an acid indicator of acidic nature is governed by 
the equation: 


ee eR oe Pa), 
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If an acid-sensitive indicator begins to change at a hydrogen- 
ion concentration of 10~!° this corresponds to a hydroxyl-ion 
concentration of 10-4 at room temperature. Upon warming, the 
hydroxyl-ion concentration which was already roo00 N is hardly 
changed, remaining of order of magnitude 10~+. Since the dis- 
sociation constant of water at 100° is about 100 times greater 
than at 18°, the hydrogen-ion concentration will also be 100 times 
as great because [H+] = ey The degree of dissociation of 
acids and bases is in general little changed with change in tempera- 
ture. On the assumption that it remains constant for the indi- 
[In7] 
[HIn] 
times smaller than at 18° because [H+] has become 100 times 
larger. There is therefore too little of the alkaline form present 
to make a color change perceptible. At boiling temperature 
enough alkali must be added to make [H+] again 100 times 
smaller, thus approximating the amount at room temperature. 
This, in turn, involves a strong increase in hydroxyl-ion concen- 


at 100° is 100 


cator it follows from equation (85) that: 


, > (OH Aer 
tration so that the relation Leta at the beginning of the change 


[H*] 
interval is much greater at 100° than at room temperature. 
If we now consider a basic indicator, then according to equa- 
tions (89) and (90): 
[InOH] K’ Kuo 1 


[In*] ~ [H+] ~ Knon ~ [AtT 


If the beginning of the change of such an indicator lies at 
[H+] = 10-+, ie., tot00 N, at room temperature, then this 
[H*] will be. practically unchanged by the increasing dissociation 
of water upon heating to boiling. On the other hand, Kxu,o 
increases 100 fold, while Kyou is assumed to remain unchanged. 
The second member of the equation derived (89) and (90) is 
thus 100 times larger. The indicator will just begin to change 
when enough acid is present to make [H+] 100 times greater. 
The beginning of the change at higher temperature thus lies at 
much smaller py but at unchanged pou. 
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It follows also from consideration of hydrolysis that acid 
indicators on warming change their color toward the acid side, 
and basic ones toward the basic side. If BIn is an indicator salt 
then the hydrolysis in aqueous solution is represented by the 
equation: 

In- + H2,O0 = HIn + OH-, 
[HIn] [OH-]__ Kayo 
[In-] Kam’ 


If upon boiling Ky,o becomes 100 times largerg and if Kym 


[HIn| 


remains constant then FS becomes 100 times larger since the 


other terms are unchanged. There is therefore formed a 100 
times larger amount of the acid form. 

In the following experiments it will be shown whether the 
change interval of acid-sensitive indicators is actually displaced 
about 2 units along the fou-axis, and for alkali-sensitive forms 
2 units along the py-axis. When this is the case it proves that 
the dissociation constants of the indicators do not change upon 
heating. 

Nitramine: This indicator does not change its sensitivity 
toward alkalies and hence for hydroxyl ions at higher tempera- 
tures. It follows therefore that nitramine acts as a basic indi- 
cator. 

Thymol Phthalein: 250 cc. of distilled water were placed in 
a much-used well-steamed-out Erlenmeyer flask of Jena glass 
and 10 drops of 0.1 per cent thymol phthalein solution were 
added. 0.1 N sodium hydroxide was added until a pale blue 
color was established at boiling temperature. 0.7-0.8 cc. was 
required, The color intensity was at a maximum after the 
addition of 5 cc. 0.1 N alkali. The indicator begins to change 
at a concentration of 3 cc. of 0.1 N alkali per liter, i.e., at [OH—] 
= 3 X 10 and fon = 3.53. Since pao at. 100° is 12.2, the 
indicator begins to change at pu = 12.2 — 3.53 = 8.67. 

2 According to the investigations of Kohlrausch and Heydweiller: Ann. d. 
Physik (4) 28, 512 (1909), px,0 is 12.24 at 100°; Lorenz and Bohi: Z. phyzik. 
Chem. 66, 733 (1909) found 12.13. We may assume payo to have the average 
value 12.2 at 100°. 
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The change is complete at [OH-] = 2 X 10-3, and fox 
= 2.70, 1.€., at pa.= 9.50. 

At 100°, therefore, the indicator changes at a point where the 
ratio OH-:H+ is much larger than at 18°. As has been 
stated, Schoorl had pointed out this fact. 

It is striking that the indicator begins to change at a smaller 
pu at 100° than at room temperature. This does not neces- 
sarily indicate an increase in the dissociation constant of thymol 
phthalein, but may be occasioned by the greater solubility of the 
indicator at higher temperature. As has been explained, solu- 
bility plays an especially important réle in the conversion inter- 
val of thymol phthalein. It is evident- that 10 drops of 0.1 
per cent thymol phthalein solution would not dissolve at room 
temperature, but would do so at the boiling point. It is there- 
fore probable that the fact that the change begins at a smaller 
pu at 100° than at room temperature is to be ascribed partly 
to the greater solubility, and hence concentration, at the higher 
temperature. 

Phenol Phthalein: Similar experiments to those above 
described were performed. In the presence of 5 drops of 1 per 
cent phenol phthalein solution per 250 cc. of boiling water a 
pale rose color appeared upon the addition of about 0.20 or 0.21 
ccnn0;l NaOH. (Hences [OH =| 1s 3 X<e105*, pone ean 
pate 8.1: 

The color intensity was at a maximum after the addition of 
1.5 cc. 0.1 N NaOH to 250 cc. pour =3.21 and py about o. 

The change of the indicator therefore begins at practically 
the same fy but at a much smaller fou than at room tempera- 
ture. This conclusion was tested by boiling an 0.2 N sodium 
acetate solution (Kahlbaum preparation) after addition of 
phenol phthalein. Such a solution reacts very feebly alkaline 
to the indicator at room temperature. As previously men- 
tioned, the dissociation constant of acetic acid,according to Noyes 
(21), changes but little upon heating. (Kuacis 18.2 X 10-6, and 
11.1 X 10-® at 100° C.) The decrease in the dissociation 
is therefore so small that it can occasion only a small increase 
in the degree of hydrolysis. Ky,o increases one hundred- 
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fold, thus strongly increasing the hydrolysis, decreasing pox 
by about one unit, and py only very slightly. If these con- 
siderations are true the color of the boiling solution will be only 
little more strongly basic than at room temperature. 

This was found to be the case. The solution became a more 
pronounced rose color on boiling. Upon cooling the solution it 
was found that this phenomenon did not arise from extraction 
of alkali from the glass, or from the formation and vaporization 
of acetic acid. (It was a striking fact that the cooled solution, 
although at first pale rose colored, became colorless, even when 
the air entered the vessel through a soda-lime tube. Thus far 
no explanation has been found for this phenomenon, which was 
shown by solutions of a number of different preparations.) 

Thymol Blue: 250 cc. of water required 2.5 cc. of 0.01 N 
NaOH at 100° before the liquid showed a greenish shade: [OH ~] 
= 10+, pour = 4.0 and fu = 8.2. The indicator therefore 
behaves almost exactly in the same way as phenol phthalein. 
The maximum color intensity appeared after the addition of 
about 1.5 cc. of 0.1 N NaOH, fou = 3.2, pu = 9.0. 

Cresol Red: 250 cc. of water required 0.6 cc. 0.01 N NaOH 
before a pale rose color could be seen: [OH~-] = 2.4 X 10-5, 
pou = 4.6, Pa = 7.6. The indicator begins to change at 
pu = 7.2 at room temperature. 

Phenol Red: 0.35 cc. of 0.01 N NaOH was required to 
produce a pale rose color in 250 cc. of water at 100°: 
[OH-] = 1.2 X10, for = 4.9,.and pe = 7.3. At room 
temperature the change begins at py = 6.8. 

As a result of the experiments it was found in each case 
that the dissociation constants of the phthaleins and sulphone 
phthaleins are little altered upon heating to boiling. 

Methyl Red: The color of this indicator changes only a 
little toward the alkaline side upon heating to boiling. Methyl 
red acts both as a weak base and as a weak acid so that heating 
increases both the hydrolysis of salts formed from the acid and 
the base. Since, however, the dissociation constant of the 
basic part is much smaller than that of the acidic, and since the 
solutions of the indicator contain much of the salt of the acidic 
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part together with undissociated methyl red in the transition 
range, the color is displaced somewhat toward the alkaline side 
upon boiling. This was made evident in the following experi- 
ments, 

A very dilute sclution of acetic acid in boiled water was 
treated with a little methyl red, and divided into two portions. 
One half was heated and compared with the cold portion. The 
heating had produced an alkaline shade. Analogous experi- 
ments were made with boric acid solutions which did not give 
as clear a picture of the color displacement, and with hydro- 
chloric acid solutions which showed the same phenomena as the 
acetic acid solutions. 

By way of further confirmation, the color change of methyl 
red in boiling ammonium chloride solution was observed. Accord- 
ing to the data of Noyes (8, Chapter I) the dissociation constant 
of ammonia is unchanged on heating. Since Ky,o becomes 
one hundred-fold larger upon boiling, py must become some- 
what smaller and the color of the solution should be dis- 
placed toward the acid side. This was also confirmed by experi- 
ment: A 0.2 N ammonium chloride solution, treated with a few 
drops of methyl] red, had a transition color (Py = 5.1): Upon 
boiling the color became redder, but not as intense as the color at 
bu = 4.2. Upon cooling the py went back to the original value. 

It may be concluded from these consistent experiments that 
the range of color change, expressed in py values, remains almost 
the same at boiling temperature as at room temperature. 

p-Nuitro Phenol: Upon boiling the color shade is displaced 
but slightly toward the basic side. This does not correspond 
to our expectation of the behavior of an acid indicator, unless 
it is assumed that the dissociation constant of the indicator 
increases with rise in temperature. This is, in fact, the case. 

Hantzsch found that the color of a solution of p-nitro phenol 
in organic solvents became darker on warming. This was also 
found to be true for aqueous solutions in the following experi- 
ments. 

A strongly alkaline solution, that contained so little p-nitro 
phenol that it appeared bright yellow when cold, became darker 
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yellow on heating, and upon cooling returned to its original 
shade. 

The change in color of p-nitro phenol on heating was also 
evident in the following experiment. 

A boric acid solution colored yellow by p-nitro phenol became 
greenish yellow on heating. Upon cooling the original color 
returned. 

It is clear from all of these experiments that the interval 
of p-nitro phenol is but slightly displaced by heating. It may 
be deduced by extrapolation from the work of L. Michaelis 
and A. Gyemant (9) that the constant of p-nitro phenol is about 
tenfold greater at 100° than at room temperature. 

Methyl Yellow: 250 cc. of distilled water with 5 drops of 0.2 
per cent dimethyl yellow solution were heated to boiling in a 
Jena flask and then titrated with 0.1 N hydrochloric acid until 
the color was perceptibly different from that of a duplicate solu- 
tion. This occurred when 0.8-0.9 cc. 0.1 N HCl had been added, 
corresponding to: [H+] =3.4 X 10-4, pa = 3.47 and pon = 
8.73. After the addition of 12.5 cc. 0.1 N HCl the full acid color 
was attained, ic., at [H+] = 5 X 10-3, d— = 2.30, pon = 9.90. 

If the dissociation constant of methyl yellow had remained 
unchanged on heating, the change at the boiling point would 
have occurred at a py two units smaller than at 18°, hence at a 
pu = about 2.0. The fact that the change starts at py = 3.47 
points to a marked increase in the dissociation constant of 
dimethylaminoazobenzene on boiling. 

A. Richter (23) gives the following figures for the indicator 
exponent of methyl yellow at various temperatures: 


Temperature Px 
20% 10.91 
40° 10.47 
60° 10.15 
15— 9.92 


These values are in close agreement with the author’s data. 
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Methyl Orange: Sodium dimethy.aminoazobenzene sulpho- 
nate was studied in the same manner as methyl yellow. The 
change began upon the addition of 0.5-0.6 cc. 0.1 N HCI: [H*] = 
2.2 X 10+, pu 3.66 and fou 9.64. In this instance also the dis- 
sociation constant of the base increases on boiling (cf. also 
Tigard (24), 

Thymol Blue: 100 cc. of water required 2.5 cc. 0.1 N HCl 
before the yellow liquid became slightly rose colored: [H+] = 2.5 
< 10-3, pa = 2.6 and pon = 9.6. At 100° the change began 
at about the same py as at room temperature (py = 2.8). 

Tropeolin 00: 45 cc. of water containing 3 drops of 0.1 per 
cent tropeolin solution were boiled and titrated with 0.1 N hydro- 
chloric acid. The start of the change was after addition of 
about 5 ec. of the-acid: [H+] = 10-2; dg = 2 and fou = 10.2. 
The end of the interval is very difficult to observe in this case. 

The dissociation of tropeolin 00 also increases on heating since 
the beginning of the change is at py 3.1 at room temperature. 

Methyl Violet: 250 cc. of water were boiled after the addi- 
tion of methyl violet, and titrated with 0.5-4 N hydrochloric 
acid. The blue color began to appear after addition of 10 cc. of 
ON HCI or.0.4ice. N HCl: [H +} =91.8 tod x 0-1 
and fou = 10.50. The very difficultly perceptible end of the 
change was determined with 4 N hydrochloric acid. It appeared 
to let at about 0.5 N solution where the color is yellow. 

It appears from all of these experiments that the position of 
the color change interval of most indicators is appreciably changed 
by heating. The sulphone phthaleins alone have almost 
unchanged sensitivity for hydrogen ions as the temperature 
is changed. In the following table the values have been sum- 
marized. . 

7. Influence of Alcohol on the Sensitivity of Indicators.— 
Almost nothing is known about the influence of various solvents 
upon the sensitivity of indicators. Various investigators, to be 
sure, have made qualitative experiments on the direction toward 
which the conversion interval of certain indicators is displaced 
by the addition of methyl and ethyl alcohol, but quantitative 
data are still lacking. If one reads the review that A. Thiel (28) 
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ALTERATION IN COLOR-CHANGE INTERVAL OF INDICATORS ON HEATING 


(pu20 at 18° = 14.2, at 100° 12.2) 


18° 100° 
Indicator at ae 7 ‘ 
Pir Pou Py Pou 
Metinut WMOlek ge Skis Sart ase yer sk O.1- 3.2)14.1-11.0) 0.5- 1.7/11.7-10.5 
Thymol sulphone phthalein.......... 1.2-— 2.8/13.0-11.4) 1.2- 2.6/11.0-.9.6 
TREN TES cle Oe eee 1.3- 3.3/12.9-10.9} 0.8- 2.2/11.2-10.0 
Methyl yellow..................0-. 2.92 4.011.8-10.2) 2.335] 9.02-6.7 
IMethylheramge’ sc saaieackioc cen eee es 3.1- 4.4/11.1- 9.8) 2.5- 3.7| 9.7- 8.5 
LH IGULN 7 bi a3 Sete ie, SIRO Oana ea 4.2— 6.3/10.0— 7.9] 4.0- 6.0) 8.2- 6.2 
Mie Nb Ets: DONO ete cao er sicts, hoo aco vas 5.0- 7.0) 9.2— 7.2) 5.0- 6.5] 7.2= 5.7 
Phenol sulphone phthalein........... 6.8- 8.4) 7.4- 5.8) 7.3- 8.3} 4.9- 3.9 
o-Cresol sulphone phthalein...... ...-| 7.2- 8.8] 7.0- 5.4] 7.6— 8.8] 4.6- 3.4 
Phenol phthalem: «<0 se 4-0 6 < ar ss od 8.3-10.0) 6.2— 4.6) 8.1— 9.0) 4.1- 3.2 
Thymol sulphone phthalein.......... 30> 9500227468 8.2—7 9824 Oa 0 
‘Ehymolt phthalein 02: .< 2 .4..--.54 93-105} 4.9= 3.7| 8. 7= 9.5\ 3.9= 227 
AMER ROU eG eek Sn wfc 1S, 0-12.55) 82-04 79.010. 5a tates 
| 


gives in his book entitled ‘‘ Der Stand der Indicatorenfrage,”’ the 
impression received is that the whole subject is still in a very con- 
fused state. Waddell (28) has already investigated the influence 
of various weakly-ionizing solvents, namely alcohol, acetone, 
ether, chloroform, and benzene, upon the color of the following 
indicators: Fluorescine, corallin, phenacetolin, cyanine, p-nitro 
phenol, phenol phthalein, methyl orange, lacmoid, and curcumin, 
his purpose was to test the correctness of the Ostwald theory of 
indicators. Scholtz (28) described some qualitative experiments 
of which the following is of interest here: If alcohol is added to a 
feebly alkaline aqueous phenol phthalein solution, the rose color 
vanishes. Upon warming the solution the rose color reappears. 
Cohn (28) confirmed this experiment of Scholtz, and among other 
things established the fact that a neutral alcoholic soap solution 
does not color phenol phthalein in the cold, but does at a higher 
temperature (cf. also Braun (28) and F. Goldschmidt (28), 
R. Meyer and O. Spengler (28) O. Schmatolla (28)). R. Hirsch 
(28) found that methyl alcohol has about a tenfold stronger 
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effect that\ethyl alcohol in depressing the color of weakly alkaline 
aqueous phenol phthalein solutions. McCoy (28) employed a 
zoboo N baryta solution that contained an equivalent amount 
of phenol phthalein. When he added 2 cc. of alcohol to 100 cc. 
of this solution, the color was reduced to about half of its original 
intensity; 0.4 cc. of alcohol had a still plainly perceptible action. 
Apparently we can not attribute too much significance to these 
data of McCoy because he apparently had at this great dilution 
a solution of barium carbonate rather than hydroxide. Alcohol 
has an appreciable effect on the degree of hydrolysis of the car- 
bonate. According to J. H. Hildebrand (28) alcohol exerts a 
much greater influence on phenol phthalein than upon some of 
the other indicators that he investigated. His principal con- 
clusions are assembled in the following table: 


INFLUENCE OF ALCOHOL ON INDICATORS ACCORDING TO HILDEBRAND 


Per Cent Dissociated 
Per Cent. 
Indicator Decrease in 
Without With 13% in Color 
Alcohol Alcohol 
Ehenolgphthaleingees sn eraae 67 30 37 
ELEMUSH ee ty ceric errno 76 80 — 4 
IRGHANC ACs oo occeaeeneo hoon 57 57 0 
Nitro! pen Ol aerate ae 80 81 == i 


It should be noted that Hildebrand conducted his experi- 
ments on the influence of alcohol upon phenol phthalein with a 
dilute ammonia solution, and did not take into account the fact 
that the degree of dissociation of ammonia is reduced by alcohol. 

An imporant investigation of titration in ethyl alcohol as a 
solvent was recently published by E. R. Bishop, E. B. Kittredge, 
and J. H. Hildebrand (28). They determined the titration 
curves of various acids and bases in ethyl alcohol solution with 
the aid of the hydrogen electrode. They observed as well 
between what electromotive force limits, of the cell employed, 
the color-change intervals of various indicators lay. Unfor- 
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tunately the constant of the hydrogen electrode in alcoholic 
solution is unknown, so that it is impossible to deduce the interval 
in Py from their data. 

Because of the fact that there is still little information about 
the influence of alcohol on the sensitivity of indicators, the 
author (27) has made an extended investigation. It should be 
noted that not nearly enough data are at hand as a result of 
this work, and that many experiments in other directions must 
be made. Some of the findings of the work are of theoretical 
and practical interest, and will therefore be given here. The 
first series of tables, especially, has a practical significance 
because the sensibility of the indicators for acid or alkali in 
alcoholic solutions of various concentrations can be easily read off. 

The experiments were made by adding indicator to a definite 
amount of water-alcohol mixture and then adding acid or alkali 
until the color was perceptibly different from the color imparted 
to water. The alcoholic content is expressed in volume per cent. 


THYMOL PHTHALEIN | PHENOL PHTHALEIN 
Alcohol, Sensitivity | Alcohol, Sensitivity 
Per Cent for Alkali Per Cent for Alkali 

0.002 N 0 0.0002 N 
Ly .004 N 17 0004 N 
20 .0065 N 28 .0008 N 
48 .0i2 N 48 0013 N 
80 .025 N 80 .0015 N 
96 032) N 96 .002 N 


It is plainly to be seen that the numbers of these tables have 
only practical significance, because the actual sensitivity of 
thymol and phenol phthalein is much greater toward alkali 
than there indicated. Higher accuracy could be attained only 
with buffer solutions. It should be remarked that alcohol 
changes not only the intensity of the color of phenol phthalein, 
but also the quality of the color, Phenol phthalein is cherry-red 
in alkaline aqueous solution, more violet in dilute alcoholic solu- 
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tion, and bluish violet in concentrated alcoholic solution. Besides, 
the full alkaline color of phenol phthalein is much less intense in 
alcohol than in water. 

Experiments were made using methyl alcohol instead of 
ethyl. As was to be expected, it was found that the influence 
of methyl alcohol is smaller than that of ethyl. 

The sensitivity of the neutral indicators, which have a change 
interval in the region of py = 7 in water, can not be determined 
in the above fashion because traces of impurities in water have 
too much influence on the result. It is therefore necessary to use 
buffer mixtures. Since the hydrogen exponents of such mix- 
tures in alcoholic-solution are at present unknown, exact experi- 
ments could not be carried out. 

Nevertheless the following experiments have practical sig- 
nificance because it may be deduced from the results which 
indicators have a sharp change in concentrated alcoholic solution. 

a-Naphtiol Phthalein: Change in water lies between py 
7.3 and 8.7 (rose to blue). Fifteen drops of 0.2 per cent a- 
naphthol phthalein were added to 25 cc. 96 per cent alcohol, then 
0.01 N alkali was added and the color determined in Nessler 
colorimeter glasses: 


a-NAPHTHOL PHTHALEIN IN 96 PER CENT ALCOHOL 


Cc. of 0.01 N Alkali Added Color of the Solution 

0 bright brown 
0.2 change toward yellow 
0.4 pure yellow 

0.4-0.7 straw yellow 

0.8 yellowish green 

1.0 green 

much alkali blue 


The bi-basic character of a-naphthol phthalein accounts for 
its characteristic behavior in alcohol. 

Rosolic Acid: Changes in water between py 6.9 and 8.9 
(yellow to red). The indicator is pure yellow in alcohol of 96 and 
99.7 per cent strength. The color is rose red after the addition 
of 0.1 cc. of 0.01 N sodium hydroxide to 50 cc. The color is at 
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a maximum when 0.2 to 0.3 cc. of 0.01 .N alkali is present per 
50 cc. The change in alcohol is therefore very sharp. 

Phenol Sulphone Phthalein: Change in water between py 6.8 
and 8.0. Behaves like rosolic acid in alcoholic solution. 

Neutral Red: Change in water lies between py 6.8 and 
8.0. The indicator is yellow (alkaline color) in 99.7 per cent 
alcohol in contrast with the two preceding indicators. 25 cc. 
of 99.7 per cent alcohol with a little of the indicator are reddened 
by 0.1 cc. of 0.01 N acid; the intensity is at a maximum when 
0.25 cc. of the acid is present per 25 cc. The change in alcohol 
is therefore very sharp. 

Azolitmin: Conversion interval in water between py = 5.0 
and 8.0 (red to blue). In alcohol of 99.7 or 96 per cent strength 
the indicator has its transition color, namely violet. The 
color change with acid or alkali is not sharp. Azolitmin is there- 
fore an unsatisfactory indicator in alcoholic solution, 

Curcumine: Aqueous solution change lies between py 7.8 and 
8.2. It changes with about the same amount of alkali in alcohol 
as in water. 

Lackmoid: Change in water lies between py 4.4 and 6.4 (red 
to blue). It has the alkaline color (blue) in 99.7 and 96 per cent 
alcohol. 0.15 cc. 0.01 acid colors the indicator rose red in 25 cc. 
of 96 per cent alcohol. Sharp change. 

Brom Cresol Purple: Change in water is between py 5.2 and 
6.8 (yellow to purple). . The color is greenish yellow in 99.7 per 
cent alcohol. 25 cc. of alcohol with 0.1 cc. 0.01 N hydrochloric 
acid colors the indicator pure yellow; conversely, with 0.1 cc. 
0.01 N alkali it is bluish green, and with 0.2 cc. blue. Sharp 
change. 

' p-Nitro Phenol: Behaves the same in alcoholic solution as in 
water. 

Sodium Alizarine Sulphonate: Change in water lies between 
pu 3.7 and 5.2 (yellow to violet). The color is brown in 99.7 
per cent alcohol. With alkali it becomes red-brown, not violet 
as in water. 

Methyl Red: Transition interval in water: py 4.2 to 6.3 
(red to yellow). Pure yellow in 99.7 per cent alcohol. Tiss 
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cc. 0.01 N hydrochloric acid is added to 10 cc. the solution 
becomes orange-yellow. Upon continued addition of acid the 
color changes but little toward the red side. Change not sharp 
(for details cf. Kolthoff (27)). 

The sensitivity of the alkali-sensitive indicators toward 
acids may be found in the same way as that of the acid-sensitive 
indicators toward alkalies. 


Sensitivity Toward Hydrochloric Acid 
Alcohol Content, 
Per Cent 
Methyl Orange Methyl Yellow 
0 0.00002 N 0.00007 N 
Wi 0.00006 N 0.00010 N 
28 0.00014 N 0.00022 N not sharp 
48 0.00034 N 0.0008 WN not sharp 
96 0.0024 N 0.006 N not sharp 
| 
Tropeolin 00 Methyl Violet 
0 0.0009 N 0.002 N 
7 .0013 N .0027 N 
28 .0025 N 
48 .012 N not sharp SOSmaEN| 
69 .026 N not sharp 
96 .012. N not sharp nOSaaaeN 


Congo Red: ‘This acid in alcoholic solution undergoes slow 
changes that make it unsuitable as an indicator. For details 
cof. Kolthoff (27). 

The change in sensitivity of indicators caused by alcohol 
was studied in a more quantitative fashion as follows: 25 cc. of: 
conductivity water or 25 cc. of the alcoholic solution was pipetted 
into small beakers of tall form. The same amount of indicator 
solution was added to each, and then a known amount of acid 
or alkali was added to the water until a transition color was 
produced. Alkali or acid was then added to the alcoholic solu- 
tion from a Bang’s burette until the color was the same in both 
beakers. All of the experiments were at 11-12°. 
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The sensitivity ratio (S.R.) of the indicators in water and in 


alcohol is given in the tabulations. 


If the ratio is less than 1 the 


indicator is more sensitive in alcohol toward acid or base; if it 
is greater than 1 the indicator is less sensitive than in water. 
It is to be hoped that these experiments may be repeated later 
with buffer mixtures in alcoholic solution. 


ACID-SENSITIVE INDICATORS 


Vol. Per Cent 
of Alcohol 


10 
20 
30 
40 
50 
60 
70 
80 
90 
95.6 
Oo Fs 


Ratio for Nitramin 


S. R. Sensitivity 


55 
25 
13 
ll 
09 
08 
07 
055 
055 
06 
06 


oosoossesosooe 


S. R. for 
Tropeolin 0 


1.6 


&B A COO OD PW tO 
ova ao oN Co Co 


The results in the following table are approximate because the 
experiments were difficult to perform. 


S.R.forThymol|S. R. for Phenol S. R. for Sake tor 

pee ne Cent Phthalein Phthalein Thymol Blue Curcumine 

10 les Pes 

20 POE” oll ap tersreetcie nt 2 0.5 

30 4 LSS 

39 9 2a o 0.3 

46.5 18 HOS: 

51 DA ee Net etete ic hata sksiad ima athace tartare 0.27 

IEE At srteniter crs er ieza, 31% Z| Wf ei 

68 70 LOO > Mieaeeete esas 0.3 

78 125 380 13 

87 200 1000 15 0.4 

93.5 200 3000 24 0.4 

99 200 3200 24 0.4 
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ALKALI-SENSITIVE INDICATORS 


Vol. Per Cent S. R. for S. R. for S. R. for 5. Re tor 
of Alcohol | Methyl Orange | Methyl Yellow | Tropeolin 00 | Methyl Violet 
10 Los 1.3 1.15 
19.5 e's) ihe oof 175 
28.5 Dell 2.8 Sie 4.6 
37 4.8 520) 3) 6.8 
42 10 
49 16 13.5 DS 16 
57 28.5 23 47 
65 45 37 69 
72 G4, oT eS aSieeatemcen ore 78 
Ole Me I We eher atone, she onerene 70 86 
87 118 96 82 
92 140 98 
99.4 23 20 54 


Vol. Per Cent Sao S: Saeed 
of Alcohol | Bromphenol Blue ; 
Solution) 

10 0.87 120 
20 0.62 0.95 
30 0.45 0.85 
40 0.42 0.70 
50 0.42 0.64 
60 O), ys Onod 
70 0.10 ORS 
80 0.08 0.4 
90 0.02 0.15 
95.5 Acid color 0.024 
99.7 Acid color 0.011 


A brief discussion of the above results is desirable. If the 
change of S. R. is plotted (cf. Figs. 13, 14, 15) we see that: 

(a) The curves may run a uniform course, i.e., without break. 
The S. R. may gradually increase or decrease with increasing 
alcohol concentration, as with phenol phthalein, or may attain 
a highest or lowest value and then remain unchanged with 
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increasing alcohol concen- 
tration, as, for example, ni- 
tramin, thymol phthalein, 
thymol blue (in acid and 
alkaline solution), curcu- 
mine. 

(b) There is a maximum 
or minimum in S. R. at a 
certain alcohol concentra- 
tion, as for tropeolin 0, 
methyl orange, methyl yel- 
low, tropeolin 00. There 
is an especially strongly 
marked maximum in case 
of the azo-indicators. In 
case of methyl orange the 


0 10 20 30 40 50 60 70 80 90 100 
Ale, 


Fic. 13.—I. Nitramine; II. Curcumine; III. 
Brom phenol blue; IV. Thymol blue (at py 3). 


sensitivity toward acids increases so strongly between 95 and 


0 10 20 30 40 50 60 70 80 90 100 
Ale, 


Fic. 14.—I. Methyl orange; II. Methyl yel- 


low; III. Tropeolin 00. 


100 per cent that a simple 
procedure for the deter- 
mination of the water con- 
tent of alcohol may be 
based on this behavior. 
From the detailed ex- 
periments and the figures 
it is evident that tropeolin 
0, phenol phthalein, thymol 
phthalein, thymol blue,and 
brom phenol blue are more 
sensitive toward acids in 
alcohol, whereas nitramine, 
curcumine, methyl orange, 
methy] yellow, tropeolin 00, 
and methyl violet are more 
sensitive toward alkalies. 
From this it may be 
deduced that indicators that 


behave like acids are more sensitive toward hydrogen ion in the 
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presence of alcohol regardless of whether the indicator is acid- or 
alkali-sensitive. Conversely, indicators that are weak bases are less 
sensitive toward hydrogen-ion in the presence of alcohol. ‘The ex- 
planation of this fact lies simply in the fact that alcohol strongly 
decreases the dissociation constants of the indicators. If we 
consider an indicator acid, then: 


[In 4] Kum 


[HIn] [H+] 
[In-| ; bo. let aye 
If we keep [Hin] constant, i.e., maintain the same transition 
color, then [H+] must decrease as Kym decreases; in other words 
the indicator becomes more 
sensitive toward hydrogen 
ion, 

The quantitative change 
of sensitivity is controlled 
both by the repression of 
the dissociation constants 
of the indicators and by the 
decrease in the ionization 
constant of water. The 
hydrolysis of the indicator 
salts is therefore less in 
alcoholic solution than in 
water. An indicator acid 
would thus be less sensitive 
toward hydrogen ion. But 
as a matter of fact it is 
found that indicator acids 

010 203040606070 8090 100 re more sensitive toward 
= Ale hydrogen ion, from which 

‘1c. 15.—I. Tropeolin 0; II. Thymol phtha- 2 

lein; III. Phenol phthalein; IV. Thymol blue. the conclusion may be 
drawn that alcohol de- 

creases the dissociation constants of indicators more than it 

depresses the ionization constant of water. These considera- 

tions are of interest in explaining the occurrence of maxima or 

minima of the S..R. values. The curve for the sensitivity ratio 


80 -S.R. 
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really consists of the resultant of two others: the one represents 
the decrease of the dissociation constant of the indicator; the 
other runs in the opposite direction, and represents the decrease 
in the ionization constant of water at various alcohol concentra- 
tions. Since the relative change in direction of the two curves is 
not the same at various alcohol contents, it may happen that the 
relative change in the ionization constant of water at a given 
alcohol concentration is greater than the decrease in the disso- 
ciation constant of the indicator, which is detected by a max- 
imal or minimal value. 

It is peculiar that increase of the temperature of alcoholic 
solutions has just the reverse effect upon the color that is caused 
by heating an aqueous solution. While an acid indicator like 
phenol phthalein becomes more acid sensitive in water upon 
heating, a weak alcoholic solution of the indicator reddens on 
heating. The reverse is found true upon heating methyl orange, 
for example. An aqueous solution in the transition range 
becomes yellow on warming, an alcoholic solution red. 

L. Michaelis and M. Mizutani have determined the influence 
of ethyl alcohol on the dissociation constants of the nitro- 
indicators. A detailed outline of their results will be given 
in Chapter V, pages 184 ff. 

We will return to the influence of neutral salts and proteins 
upon the transition interval in an extensive discussion of the 
colorimetric determination of hydrogen-ion concentration 


(Chap. V.) 
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CHAPTER IV 


THE USE OF INDICATORS IN QUANTITATIVE 
NEUTRALIZATIONS 


1. Practically Useful Indicators. Necessary Excess of 
Reagent.—As is evident from Fig. 9, page 32, in the neutraliza- 
tion of a strong acid with a strong alkali the py changes very sud- 
denly near the equivalence-point, going from 3 to 11 during the 
transition from very feebly acid to weak alkaline reaction, On 
passing beyond this range by addition of more acid or alkali the 
pu changes very slowly. It is therefore probable that indicators 
whose transition interval lies between py 3 and 11 will give a 
sharp change with strong acids or bases, and that, on the other 
hand, those indicators whose intervals reach out beyond the 
stated limits will only show a slow step-by-step change in color. 
In such cases a considerable excess of acid or base is necessary 
to pass from neutral solution beyond the limiting color, Such 
indicators are thus either useless or of use in special titrations 
only. In the following table the amounts of N, 0.1 N, and 0.01 
N acid or base are given that are necessary to give a distinct 
change from the neutral color of the indicator in 100 cc. of water. 

It may be seen from the table that the practically useful 
indicators for titration of 0.1 N solutions lie between methyl yellow 
and thymol phthalein. We will consider subsequently what 
indicators are suitable for individual instances and how large the 
error is in the use of a given indicator. 

2. Titration Exponent.—If it is desired to titrate to a given 
hydrogen ion concentration, the latter is termed the étration 
exponent, pr, following Bjerrum’s (1) usage. 

We have seen, in the preceding chapter, to what a large extent 
the color is dependent upon indicator concentration, especially in 
case of the one-color indicators. By altering the concentration 
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Necessary Excess oF REAGENT IN USING VARIOUS INDICATORS 


The excess of acid or alkali that must be present in 100 cc. of aqueous solution 
to give a perceptible color change is: 


1N 0.1N 0.01 N 
AMG AVE) LODE. 5.6.5 ac06 a2s woe eo On eacce 1 Ce: TON CC: 
Mropeclint OO Memrrcrriee creel Onli ces 1 cc. 10° eck 
IMethyityellow. smectite oo OrOlmces OnCG. 120 ce; 
Bromyphenollibluewee eae esse OLOL cc: eid Keres 1.0 cc. 
Methyiworang eaemiren serra 0.008 cc. 0.08 cc 0.8 cc. 
IMethylered aterancti s.r 0.000 cc. 0.01 cc Once 
Bromperesol purples eee te 0.000 cc. 0.01 cc OF lice: 
henolinedtia scmiciccceers tas cor 0.000 cc. 0.00 cc 0.0 cc. 
iINeutralsrediaer neat en citer see 0.000 cc. 0.00 cc 0.0 cc. 
henolwpathaletn eee ee 0.002 cc. 0.02 cc 022 ce; 
TBayaTae)| NS. ooo nseb aeueod con 0.002 cc. 0.02 cc. Ou2i ces 
aiiymolip thal einer O2015 ice: OsT ec 1.0\ce- 
NlaZarinenycllOWMeienereneieer ets Oeil > eee 1OLce 10.0 ce. 
INera main atere nee ievar es eletron, 5 eit 188, 0:8 ce: 8.0 cc. 
Tropeoling OF sitisi anes os Om eces 1Zt ce 14 0Kce: 


it is possible to arrive at different titration exponents, using one 
and the same indicator. Noyes (2) has shown that the color 
change of a uni-colored indicator is just perceptible when the 
least perceptible concentration of the colored form [Inn] is one- 
quarter of the total indicator concentration. The change is 
therefore visible when 25 per cent of the indicator has changed. 


ji 
We have: [H+] = i 2 > Kum and hence in the present case 
for the change: 
4—1 
[H+] a cet) 1 ) X Kem = 3Kum. 


Since the hydrogen exponent belonging to this [H+] is called the 
titration exponent pr we have: 


pr = Pum — log 3, or approximately: 
pr a prin a 0.5. 


The titration exponent is therefore about 0.5 smaller than 
the indicator exponent. If, for example, we take 9.7 as the indi- 
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cator exponent of phenol phthalein, the corresponding titration 
exponent is 9.2. This holds only for the case when the indicator 
concentration is so small that a sharp color change is just barely 
perceptible. If, on the contrary, more phenol phthalein is 
added, as would be necessary, the color change appears at a 
smaller Py value as was shown in the previous chapter. Upon 
using a solution saturated with phenol phthalein we observe a 
plain red coloration at about py 8.4. It is therefore possible 
in this case to alter the titration exponent from 9.2 to 8.0 (approx.) 
by changing the indicator concentration. The change may 
extend over wider limits when the difference between the solu- 
bility and the [In-yn.| of the indicator is greater. When the 
much less soluble substance, thymol phthalein, is used it is 
possible to titrate to one py only, namely a py of roughly 9.5. 

- On the other hand, the transition interval of p-nitro phenol 
may be shifted very appreciably by changing the concentration, 
as was shown in the previous chapter. Since the region of the 
titration exponent is rather extended we may titrate to any 
exponent between 4 and 6.5 by changing the indicator concen- 
tration, as Noyes (2) has shown. 

The question is more complicated in case of two-color indi- 
cators. Noyes has estimated that 5-20 per cent or 80-95 per 
cent of a two-color indicator must be changed to reach the titra- 
tion exponent. He fcund that 5-20 per cent of methyl orange 
must change from the yellow to the red form before the color is 
plainly distinct from that of the color of the indicator in pure 
water. On the other hand 20-30 per cent of the red form must 
change to the yellow before the color is distinguishable from that 
of the acid solution. The difference on the two sides of the 
transition interval is thus explained; the color intensity of the 
acid form is much greater than that of the basic, and may 
therefore be detected with greater sensitivity than the basic. 
In similar manner the author found that a dilute solution of 
methyl yellow whose yellow color could not be distinguished 
from that when in pure water was quite plainly rose colored upon 
acidifying. Only after about fourfold dilution had the rose 
color become so pale that it was scarcely distinguishable when 
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placed beside a tube filled with pure water. It may therefore 
be concluded that the red color is easier to distinguish in the 
presence of the yellow than vice versa. The color intensity is 
increased by the chromophoric quinone group in acid solution. 
About 10 per cent of the methyl yellow must change into the red 
form before its acid color is perceptible. Then pr = 3.0 + log 
90 
10 
yellow is about 4. The other titration exponent that is found 
upon starting from the acid side and titrating to alkaline color 
has less significance because the change is not sharp and the 
color changes but slowly upon addition of alkali. 

In general the influence of concentration on the titration 
exponent is smaller for two-color than for one-color indicators. 
Yet it isadvantageous not to add too much of a two-color indi- 
cator because the color change may be more sharply perceived 
when the concentration is smaller. 

The accuracy with which one may titrate to a given titration 
exponent is quite high, but depends upon the nature of the indi- 
cator. In general, pure indicators should be used rather than 
naturally occurring products, for the latter might possibly con- 
tain other compounds of almost any conceivable kind, that would 
render the color change indistinct and the transition interval 
longer. Litmus, for example, consists of a mixture of acids 
many of which act as indicators. Therefore the transition 
interval is quite large, extending from about 4.8-8.0. It is not 
therefore to be recommended as indicator for titrations. It is 
best to use, for this purpose, indicators with quite short transi- 
tion intervals so that a sharp color change is observed for small 
changes in py. In general it is possible to titrate with an accu- 
racy of Px = Pr + 0.2; this corresponds to a hydrogen-ion con- 


= 3.95, or, in other words, the titration exponent of methyl 


centration of between 1.6 T and ~ , where T is the hydrogen-ion 


concentration corresponding to pr. By using a comparison 
solution it is possible to titrate to fa = pr + 0.1, corresponding 
T 


t “a Toys AE ie 
o [H+] to 70 
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Upon observing certain precautions it is possible to titrate 
still more accurately to the correct end-point. These points are 
discussed extensively in the previously mentioned monograph of 
Bjerrum. 

The best indicator concentrations for titration to a given 


titration exponent at room temperature are given in the following 
table: 


TITRATION EXPONENTS AND CONCENTRATIONS OF COMMONLY UsEp INDICATORS 


Indicator ! Py | Color Indicator Concentration 

WEhymiol bess... «<<. | 2.6 | Yellowish rose 1 cc. 1% per 100 cc. 
iropeolin'QOe.. 2.) Se ce | 2.8 | Yellowish orange 1 cc. 1% per 100 ce. 
Brom thymol blue....... ie | Purplish green 0.5— 1 cc. 1% per 100 ce. 
Methyl yellowe =, ...2<:. | 4 Yellowish orange | 0.2—.5 cc. 1% per 100 cc. 
Methyl orange. ......... pd Orange 0.2—.0 ce: 1% per 100ice: 
ethyl reds 5. ksh. 3: . 5 Yellowish red  !0.2~.5 cc. 2% per 100 cc. 
Brom cresol purple....... MG Purplish green | 0.5— 1 cc. 1% per 100 cc. 
Brom thymol blue........| 6.8 | Green Ono elaces 7G per 100ices 
REDO TEC o etc e wes Sees wes i> 7.9: | Rose red Of lceml Gg peml00ice: 
WMEUEPAR FCC. 2 ot Goon hs 37 eer Orange red 0.2-.8 cc. 1% per 100 cc. 
resale aa ais< coi ae. te y 8 | Red 0.5- 1 cc. 1% per 100 cc. 
sibommol Dlues sti oes... | 8.8 | Blue violet 0.5- 1 cc. 1% per 100 ce. 
Phenol phthalein .:. . -....< as i Pale rose 0.8- 1 cc. 1% per 100 cc. 
9 | Pale rose 0.3-.4 cc. 1% per 100 cc. 

Thymol phthalein........ 10 Pale blue 0.5— 1 cc. 1% per 100 cc. 
Iiiramiie Aesaud< Jean ¥% | 11.6 | Orange brown ORS peliccnl perl OOlcc, 


It should be noted that the use of mixtures of indicators has 
been proposed in order to make the color change more sharply 
perceptible. Luther (3) suggested the use of a mixture of methyl 
orange and indigo carmine instead of methyl orange alone. 
Moerck (3) has determined the mixture ratio that gives the best 
results. The following mixture can be recommended: 1 g. of 
methyl orange and 2.5 g. of indigo carmine were dissolved in 
11. of water. With this solution the end-point is sharply per- 
ceptible even by artificial light. In alkaline solution the color 
is yellowish green; at the turning point this changes from green 
through gray to violet. According to the author’s experience 
this mixed indicator is very satisfactory for titrations. 
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K. C. D. Hickman and R. P. Linstead (4) have proposed the 
use of a mixture of 1 g. methyl orange and 1.4 g. xylene cyanole 
red FF in 500 cc. of 50 per cent alcohol. In alkaline solution 
the color is green, in acid solution magenta red. The solution is 
steel-gray at the transition point which is reached at a py of 3.8. 

A. Cohen (3) uses a mixture of the sulphone phthaleins of 
Clark and Lubs. A mixture of brom cresol purple and brom 
thymol blue is greenish yellow at py = 6.0, and pure blue at 
Pu 6.8. The change is sharp. He also recommends mix- 
tures of brom cresol purple and brom phenol blue, or brom 
phenol blue and cresol red (cf. also Carr (3) and Lizius (3)). 

3. Neutralization of Strong Acids with Strong Bases.—If 
both solution to be titrated and alkali are free from carbonate, 
it is a matter of indifference what indicator is used with normal 
solutions, provided the choice is limited to indicators between 
methyl yellow and thymol phthalein. It may be seen from the 
table of necessary excesses of reagent that 0.01 cc. of N acid must 
be added to 100 cc. of neutral solution to produce the perceptible 
color change of methyl yellow, or 0.01 cc. N alkali to produce a 
pale blue color in thymol phthalein. 

The margin between methyl yellow on one hand and thymol 
or phenol phthalein on the other thus amounts to 0.02 cc. of nor- 
mal solution per 100 cc. If 0.1 N solutions are used the neces- 
sary excess for methyl yellow is 0.1 cc. 0.1 N acid per 100 cc. and 
for phenol phthalein 0.02 cc. 0.1 N alkali; the margin is thus 0.12 
cc. of 0.1. N. In practice it is found to be greater because sodium 
hydroxide almost always contains some carbonate. If baryta is 
used the practically found difference between methyl yellow and 
phenol phthalein is about 0.10 cc. of 0.1 N solution per 100 cc. 
The margin is even smaller than 0.12 cc. This is because of the 
fact that starting with an acid solution the titration with alkali 
is not carried to the limiting (full alkaline) color of methyl yellow, 
but to the alkaline color of the aqueous solution. 

The necessary excess of acid is smaller than the calculated 
amount. 

The error is greater in the titration of 0.01 N solutions. The 
amount of 0.01 N acid per 100 cc. of liquid is 1 cc. with methyl 
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yellow, and with phenol phthalein 0.2 cc. 0.01 N alkali. The 
margin is thus 1.2 cc. or 1.2 per cent. The difference between 
methyl red and phenol phthalein is smaller, amounting to 0.3 cc. 
or 0.3 per cent. It is therefore advisable to use methyl red or 
phenol phthalein in standardizing 0.01 N acids or alkalies, and to 
avoid the use of methyl yellow. 

In support of this view a table published by Schoorl (5) is 
given here. 


EXPERIMENTS OF SCHOORL 


Ratio of Strength of N Acid to N Alkali as 25 : 24.30 


After Ten-fold Dilution epee gee 
Per Cent 
(a) Titration to limiting color 
with phenol phthalein 25 = 24735 0.4 
with methyl orange 25 : 24.24 
{b) Titration to water (neutral) tint 
with phenol phthalein 25 : 24.30 0.0 
with methyl orange 25 : 24.30 
After Hundred-fold Dilution pear ep hie 
pen Cent 


(a) Titration to limiting color: 


with phenol phthalein 25 : 24.50 3.6 
with methyl orange PS BIR SV 

(b) Titration to neutral tint: 
with phenol phthalein 25 ; 24.28 0.3 
with methyl orange 25 : 24.20 


It is therefore most advantageous to titrate to the color that 
the indicator gives to neutral water. ; 
The following experiments make clear the error that may 
result upon using various indicators with 0.01 N solutions. 
0.01 N HCl was titrated with approximately 0.01 N baryta water 
using various indicators. The reverse titration was also studied. 
25 cc. 0.01 N HCl required 22.58 cc. of baryta water with methyl yellow. 


25 cc. 0.01 N HCl required 22.74 cc. of baryta water with methyl orange. 
25 cc. 0.01 N HCl required 22.85 cc. of baryta water with phenol phthalein. 
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The margin of difference between methyl yellow and phenol 
phthalein is 0.22 cc. or 0.9 per cent; between methyl red and 
phenol phthalein 0.07 cc. or 0.3 per cent. 

As previously mentioned, a greater difference is found between 
the values for methyl yellow and phenol phthalein when the 
solutions are not free from carbonate. Since most sodium 
hydroxide solutions contain carbonate it is advantageous to 
establish the titer with different indicators and to use these values 
when appropriate. 

4. Neutralization of Weak Acids with Strong Bases.—It is 
apparent from Fig. 9, page 32, that in the neutralization of 
acetic acid with sodium hydroxide the acid is not all used 
upon titration to the alkaline color of methyl yellow or methyl 
red. The reaction is not complete until the turning point indi- 
cated by phenol phthalein. The behavior of acetic acid is 
typical of all weak acids. It may therefore be concluded that 
phenol phthalein must be used in the titration of weak acids with 
strong bases. 

The neutral salt that is formed, sodium acetate in this 
instance, reacts feebly alkaline or neutral to phenol phthalein, 
the py depending upon the concentration. 


N sodium acetate: pou 4.62, Py = 9.57, 
0.1 N sodium acetate: pox 5.12, pa = 9.07, 
0.01 N sodium acetate: pox 5.62, py = 8.57. 


When the rose color of phenol phthalein is reached we have 
a solution of the neutral salt. If somewhat more alkali is added 
the solution changes suddenly to deep red. Now the question 
arises: How large must the dissociation constant of an acid be 
in order that it may be accurately titrated using phenol or 
thymol phthalein? In general this question may be answered by 
consideration of the hydroxyl-ion concentration, i.e., degree of 
hydrolysis of the neutral salt formed, and this in turn is dependent 
upon the concentration. If we use 0.1 N solutions and assume 
that the pu of the neutral salt solution may be 9-10, pon 
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is roughly 5-4. According to the hydrolysis equation (32) page 
15, we have: 


Por = 7—FPan—tloge , ... (32) 


In the present instance a Ky value 10~° or pya 5 corresponds 
to 3 logc = 0.5 and pou = 5. At pou 4, Puais 7 and Kya = 10-7, 


The corresponding values derived in like manner for N solu- 
tions are: 


Pou = S, Kya = 10-4; 

Pou = 4, Kua = LO 
and for 0.01 N solutions, 

Pou = J, Kya = 10-6, 

pou — 4, Kaa — 10-8, 


We thus obtain an approximate expression of how large 
the dissociation constant must be if the acid is subject to titra- 
tion with phenol phthalein as indicator. Hence hydrocyanic 
acid may not be titrated using phenol phthalein because its dis- 
sociation constant is 10-9. Then in 0.1 N KCN, 

pou = 4-45 +0.5 = 3; pu = 11. 
Phenol and thymol phthalein change long before this py. The 
last calculation does not give an entirely correct picture of the 
permissible minimum of the dissociation constant because it 
creates the incorrect impression that this minimum must neces- 
sarily be smaller for the titration of a normal solution than for 
0.1 or 0.01 N fluids, because the hydroxyl-ion concentration is 
larger in the normal-salt solution than in the more dilute ones. 
We have not yet taken the titration error into consideration. 

5. Titration Error.—If we titrate 50 cc. of 0.1 N acid with 
50 cc. 0.1 N alkali, the total volume being 100 cc. and if pr 9, 
i.e., we titrate to Py = 9, and if the permissible error is 0.1 cc. 
0.1 N alkali, or 2 per cent, the hydrolyzed solution when the acid 
is completely neutralized contains both an excess of OH~ and 
of undissociated acid whose amounts may be calculated from the 
hydrolysis equation. Ina 0.05 N salt solution: 


pou a log [HA] = ih ad 4 Pua + 0.65 —— 7.65 a = Pua; 
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and -8 
PAT 1.4 X 10 
VAG 


If an error of 0.2 per cent is permissible this means that at 
the end of the titration 0.1 cc. of 0.1 N acid per 100 cc. of acid- 
base mixture still remains to be neutralized. This corresponds to 
a concentration: 


(96) 


(HA) 10-4) eee 


It follows from equations (96) and (97) that the total amount 
of the undissociated acid is: 


1402 
[HAS 1028 =e 98 
=, (98) 
But the dissociation constant of the acid is: 
[Ht TAS] 
Korat eee 
HA [HA] ° 
From which it follows that 
H+ [Aq 
pia — BEIIAS] 
HA 
Since [H+] = 10-® and [A-] = 5 X 10-? in our instance, 
Seah 
HA f= eee 
[HA] aan . (99) 


Since this value for [HA] must be equal to that calculated from 

(98), we have: 

1410-8 5 x 10-11 
Gan Kua o" 


Kea 4 x 104 Ke, =e 0 eee 


Upon solution of this quadratic equation Ky, is 4 X 1077; 
pua = 6.40. Hence the dissociation constant may not be smaller 
than 4 X 1077 if 0.1 N solutions and a pr of 9 are specified, and 
if the titration error may not be greater than 0.2 per cent. If an 
error of 1 per cent is permissible then naturally K may be smaller. 
The permissible minimum is then: 


LOT (100) 


Kua = about 10-8; pus = 8.0. 
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If the calculation is carried out in similar fashion for the min- 
imum value of Kya when py = 10 and the permissible error is 
0.2 per cent, it is found that: 


Km = 3 < 10-8 and Pua (Sy 


Similar values may be calculated for titration with 0,01 N solu- 
tions. 

The calculation of the titration error in a given case is simpler 
when the dissociation constant of the acid is known. 

EXxamp_LE:—Neutralization of 0.1 N acetic acid with 0.1 N 
alkali. 

(a) pr = 9; Puac = 4.75. Calculation shows that the titra- 
tion is then exactly correct. Working with phenol or thymol 
phthalein as indicator there is practically no error, 

(0) pr =7. Neutralization with neutral red. A calcu- 
lation shows that we may neglect the amount of HAc present 
in the neutral salt solution because of repression of hydrolysis. 
Corresponding to py = 7, we have: 


[HAc] = Se ES = about 10-+, 
At an end volume of 100 cc. using 0.1 N solution the error is only 
0.1 cc. = 0.2 per cent. 

(c) py = 6. This value is obtained in the titration of acetic 
acid with alkali to the pure yellow color of methyl red. 

[HAc] is then about:10-°, The error thus amounts to 2 per 
cent. Although the transition range of methyl red is traversed 
gradually, acetic acid may be almost completely neutralized 
with the indicator by stopping just at the pure alkaline color, 

(d) pr=4. Neutralization with methyl yellow. At py 4: 


10-6 5 


Hence with methyl yellow the change is inaccurate and at the 
wrong region. 

In agreement with the calculations it is found that the same 
values are found in the titration of 0.1 N acetic acid with either 
neutral red or phenol phthalein. 
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6. Neutralization of a Weak Base with a Strong Acid.—It 
may be concluded from Fig. 9, page 32, that phenol phthalein 
may not be used in the neutralization of weak bases because the 
change occurs before the alkali is neutralized. An alkali-sensi- 
tive indicator such as methyl red or yellow must be used. The 
titration error may be reckoned in the same way as for acids. 

Tf an end-volume of 100 cc. is considered, with 0.1 N solutions, 
the dissociation constant of the base may not fall below a certain 
minimum value, that must be: 


for pr = 5, Keon = > about 4 X 107’, psou < about 6.4; 
for pr = 4, Keon = > about 3 X 10-8, ppou < about 7.5. 


If we wish to neutralize a 0.1 N base solution using 
methyl red, the dissociation constant may not be smaller than 
4 X 10-7; if methyl yellow is to be used, with a maximum per- 
missible error of 0.2 per cent the dissociation constant may not be 
lesout nance LOaer 
This becomes clear upon attempting to neutralize aniline, 
for example, using methyl yellow or congo red as indicator, 
Beckurts states that this determination may actually be made. 
But we have: 
Penaine = about 9.5. 
For pr = 3.5. 
Boy] = Bl x [OH7) 
Ksou 
Assuming that 


[B+] =5 xX 10-2 = 10-13, and [OH-] = 10-105, 
then 
19-11.8 


[BOH] = — 5 


= 10-3 = 5 x 1033, 


The error that is possible therefore amounts to 10 per cent; 
furthermore the assumed titration exponent 3.5 is difficult 
to attain unless a comparison solution is used. It is found, 
in fact, that titration of aniline with 0.1 N solution and using 
dimethyl yellow gives useless results, The dissociation constant 
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of aniline is so small that it can hardly be titrated using indi- 
cators. In order to obtain practically useful results tropeolin 
00 or thymol blue is used in the titration of normal aniline solu- 
tion with normal acid (cf. page 128). 

7. The Neutralization of Polybasic Acids or Polyacid Bases.— 
When all of the dissociation constants of polybasic acids, or 
polyacid bases are large, they behave like strong monobasic or 
acid compounds upon neutralization. Sulphuric acid is a case 
in point. 

The remarks that have been made for strong acids or bases 
apply equally well to the polybasic or acidic substances in the 
process of titration to the neutral salt, even when the second 
dissociation constant is small (e.g., neutralization of oxalic 
acid to potassium oxalate). 

The case is different when the titration is carried to the acid 
salt stage. For the moment we will omit bases from considera- 
tion, for analogous considerations apply to them. 

Neutralization to an acid salt may be carried out accurately 
only when there is a great difference between the two dissocia- 
tion constants of the acid. It may be deduced in a simple manner 
that the py of such a solution amounts to about half the sum of 
the two acid exponents. If 


Ki =3 x10", Ko=6 < 10-" (carbonic acid), 
pi = 6.5, p2 = 10.23. 
Hence the fg of a bicarbonate solution is: ° 


Se 6.5 Te — 837. 


The px of such a solution is actually 8.4 (McCoy (6)). The 
magnitude of pr in the titration of carbonic acid as a monobasic 
acid may be thus simply deduced. 

It is much more difficult to derive a generally valid formula 
for the titration error of polybasic than of monobasic acids. 
Such derivation will not therefore be attempted here. It is quite 
simple to deduce the titration error in any given instance of 
titration to a given pr value. 
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If, for example, carbonic acid is to be neutralized as a mono- 
basic acid, we know that the sodium bicarbonate formed dis- 
sociates into HCO3~ and Na* in aqueous solution. 

The HCO3~ dissociates further: 


HCO;-2 H+; CO;= 
Hydrolysis occurs at the same time: 


HCO3- + H20 @ HeCO3 + OH-. 


A bicarbonate solution contains CO3~ as well as H2COs. 

If acid is added to such a solution it can not be assumed that 
in the beginning the acid added is equivalent to the HeCO3 
formed, because CO3~ ions are neutralized to form HCO3~ ions- 


As has been stated, McCoy found for 0.1 N bicarbonate 
solution: 


[H+] =4 x 10-®; hence py = 84. 


Since [H+] changes only slightly with salt concentration the 
titration exponent for carbonic acid tiration is in general pr = 
8.4. How large will the error be if the titration is carried to 
bu = 8.0? 

The assumption will be steadily that 0.1 N solutions are used, 
so that the salt concentration is finally 5 X 10-?. 

Now, 

[H+] x [HCO37] 


Ke = 1Ome 
[H2COs] e 
[H+] [(CO3=] 
2 [HCO;-] On 10 aoe 


Since, in a bicarbonate solution, 
[H*] =4x 10-8 and [HCOs-] =5 x 10~ 
the author finds for [H2COs] = 0.6 x 10-3. 
If the titration is to py = 8.0, [H+] is 10-8 and therefore 
[H2CO3) =)126 <a10e:: 


At this pr = 8.0 a certain amount of H2CO3 must be neu- 
tralized, corresponding to a concentration of (1.6 — 0.6) x 10-3 
= 1) Ses 
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But there is already a certain amount of COs-ions present 
in a bicarbonate solution, whose concentration may be calcu- 
lated from Ky. If we titrate to the bicarbonate point a certain 
amount of carbonate has been converted into bicarbonate as well 
as into carbonic acid. If the titration is carried to a smaller py 
the amount of CO3= becomes smaller. The difference between 
the amount of COs3> originally present in the solution and that 
at the pu(= 8) found by titration is equal to the alkali addition 
that is necessary to transform the carbonic acid to bicarbonate. 

In 0.05 N bicarbonate solution: 


_ [HCOs3~-} 


-  5X102* 6X 10-1 
“ie i : = 75> 10. 
[CO3=] (H] X Ke 10s COL 
At [H+[ = 10-3, 
=i 
(eet goats BI ate 


At px = 8.0 a certain amount of alkali must, as has been 

shown, be added to transpose a part of HCO3~ into COs=, the 
amount being equal to a concentration of (7.5 — 3) X 10-4 
= 45 x 10-4. It was also found that the amount of alkali 
necessary at Py = 8 to neutralize the [H2COs] present amounted 
to 1 X 10-%. The total amount of alkali necessary at py = 8 
corresponds to a concentration of 1X 103+ 4.5 x 10-4 
= 1.5 x 10-8. This corresponds to an error of 3 per cent in 
the case at hand. It is evident, therefore, that the titration of 
carbonic acid as a monobasic acid is not sharp and that it is 
necessary to add the exact amount of phenol phthalein to bring 
the pr = 8.4 as accurately as possible. Cf. the neutralization 
curve of carbonic acid, Fig. 16, page 120. 

It was known from an earlier investigation (7) that 0.1 cc. 
of 1 per cent phenol phthalein solution had to be used per 100 cc. 
to obtain good results in the titration of free carbonic acid. From 
the table of titration exponents of various indicators it is evident 
that this amount actually corresponds to a py of 8.4-8.5. Ifa 
different amount of phenol phthalein is used and titration is 
carried to the first rose color, a correction must be applied. 
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In this kind of titration the amount of indicator is of consid- 
erable significance. What has been said in case of carbonic acid 
holds also for phosphoric acid. The exponent for titration as a 
dibasic acid is pr = 9.3. Good results are only obtained with 
the right ratio of phenol phthalein; it is better to use thymol 
phthalein (8). 

If phosphoric acid is titrated as a monobasic acid the equiva- 
lence-point (see Fig. 16) is reached at pr = 4.2. Methyl yellow 
shows an alkaline transition color at this hydrogen-ion concen- 


Na, PO, 


5 


0 


tration, so that it is best to work with a comparison solution of 
primary sodium phosphate containing the same amount of indi- 
cator; either brom phenol blue or methyl orange—indigo car- 
mine mixture may also be used. The error that results upon 
titration to a different py may be calculated in the same way as 
was done for carbonic acid. The error caused by undissociated 
phosphoric acid must be considered, and also that due to the 
secondary sodium phosphate: 


H2PO4~ + H20 @ H3PO4 + OH-, 
HePOs.~ @ H+ + HPO,-. 
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The reader is referred to the original literature (9) concerning 
the acidimetric determination of sulphurous and pyrophosphoric 
acids. 

It should be noted, finally, that titration exponent and the 
titration error may be calculated from the dissociation constants 
as has been shown above; it is more convenient, however, to 
determine these quantities experimentally, 

8. Titration of a Mixture of a Medium Strong and a Weak 
Acid, or of Analogous Mixtures of Bases.—The magnitude of 
the hydrogen exponent at the first equivalence-point in the titra- 
tion of a mixture of a medium strong and weak acid with alkali 
has been calculated in Chapter I, 9, d. It was found that at this 
point 

Pa= Pr = 3 (Px, = px), eo ty Ect (64) 


if both acids have the same concentration. 

Although the titration exponent may be conveniently calcu- 
lated from this equation, it yields no information about the 
accuracy of the titration. The smaller the buffer capacity, 
or in other words, the greater the change in fg upon addition 
of a small amount of base the more exact will be the result. 

As will now be shown, in harmony with our expectations, 
the accuracy of the titration depends upon the ratio of the dis- 
sociation constants of the two acids. The larger this ratio the 
sharper the color change of an appropriate indicator. To illus- 
trate, it is again assumed that both acids have the same concen- 
tration, and it will be shown to what extent the hydrogen-ion 
concentration at the first equivalence-point is changed by 
addition of 1 per cent excess of alkali (i.e., 1 per cent of the 
concentration of one of the acids) or 1 per cent of the medium 
strong acid, at various ratios of the two constants Ki and Ke. 
The following derivations continue those that were given on 
page 35. 

If the ratio of the two dissociation constants is known the 
following relation may be written at once from equation (62): 

[HiAi] , [H2A2] _ Ke 


Tesh AIS ea oe oe (62) 
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If the sum of [HiA;] + [Ai~] is set equal to 100, then we may 
find in like manner how large the values of a and (100 — a) are 
in equation (63). 

As has been mentioned, the acid HiAi is not completely 
transformed into its salt at the first equivalence-point; an 
amount (100 — a) per cent is still present as free acid. The 
second acid HeAzg is transformed into its salt to this extent. 
If an excess of alkali of 1 per cent is now added at the first 
equivalence-point a further portion of the acid HiA; is neu- 
tralized and the remainder of the alkali is bound by HeAg. 
If the part which is used for the neutralization of HA; is x per 
cent of the amount of HiA; that was originally present, then: 


(AS) =e ia 
and 
[Hi A4] = 100 — (a = x), 
while 
[As~] = 100 — (a + x) + 1, 
and 


[HeAol = 0) = 8% 


If we substitute these values in equation (63), then we find 
that: 


LOOSS A sree) ONS ae) ao ee 
a +x aad 


If Ke : Ki is known, x may be calculated from the quadratic 
equation. Hence [A~] and [HiA,] may be deduced and [A~] is 
found as follows: 
melstvsty 


[H+] [Ar] 


xX Ki. 


EXAMPLE: K, : Ko = 100. 
At the first equivalence-point a = 91, and thus 
(H+) = = Ki 230,000 Kee 
91 
Upon the addition of 1 per cent of alkali [A-] becomes 91 + x 
[H1Aq] == O°", [Ao-| = 10 — x, and [H2Aos| =) 915-19) 
Upon substituting this value in (101) we find. 


ie = (ae 
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Hence upon addition of 1 per cent alkali [H+] has become: 


[H+] = °K, = 0.094 Ki, 

At the first equivalence-point [H+] was 0.99K, and therefore 
addition of 1 per cent excess of alkali has made its value only 
5 per cent smaller. This change corresponds to an increase in 
pu of about 0.02. Since this small change can not be detected 
very well colorimetrically, it follows that the titration will not 
give good results if the ratio is equal to 100. When the ratio is 
104, py at the first equivalence-point changes from 


10-“K, to 6.2 * 10K. 


[H+] therefore becomes 38 per cent smaller, corresponding to a 
change of 0.21 in px. 

A change of this magnitude may be determined readily using 
a reference solution; it may be concluded therefore that the titration 
of HiAi in presence of an equal concentration of H2Aze is possible 
to an accuracy of 1 per cent if the ratio of Ki: Ke is equal to or 
greater than 10*. The greater this ratio, the sharper the change. 

If, for example, Ki; : Kz = 10°, the hydrogen-ion concen- 
tration at the first equivalence-point is changed from 10-°Ki to 
10-*Ki, which corresponds to a change of 1 in pg. In this 
instance the titration may be made with an accuracy of 0.2 per 
cent. If the acids H,A; and H2Az2 have different initial concen- 
trations the above limits are changed. 

It should be noted that almost the same considerations that 
apply to mixtures of acids of different dissociation constants also 
apply to the titration of polybasic acids. 

The same considerations that have been given for acid mix- 
tures naturally apply to mixtures of bases with widely different 
dissociation constants. Instead of py we find fox in the cal- 
culations, and hence py may be directly deduced: 


pu = pmo — fox. 
These considerations are illustrated by the following results 
of individual titrations. 
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Mixture of 0.1 N acetic and 0.1 N boric acids. 
Krewil.8 K1078, “Ko = 6 x 10S SI ers Oa. 


From these values py calculated for the first equivalence-point is 
6.99, while the value found in other ways is 6.95. Titration of a 
mixture of 25 cc. 0.1 N acetic acid and 25 cc. 0.1 N boric acid 
using neutral or phenol red. pr = 7.0. 25 cc. 0.1 N alkali are 
bound. The titration may easily be carried out with an accu- 
racy of 0.4 per cent. 

Mixture of 0.1 N tartaric and 0.1 N boric acids. Ki : Ke 

= 1.2 X 10°, titration readily made with 0.2 per cent accuracy, 
pr = 6.5 with cresol purple as indicator. 

Mixture of 0.1 N citric with 0.1 N boric acid. Ki: Ke 
= 3.2 x 10%. ‘Titration reliable to about 1 per cent. pr = 7.5 
with phenol or neutral red as indicator. 

Mixture of 0.1 N primary phosphate and 0.1 N boric acid. 
The titration is not possible because the ratio of the second dis- 
sociation constant of phosphoric acid to that of boric acid is 
3.3 X 10. The color of phenol phthalein is already very pale 
rose at the first equivalence-point. Upon addition of more alkali 
the color increases very slowly in intensity. If the titration is — 
carried to the first perceptible color change of phenol phthalein 
the accuracy of the titration does not exceed 2-3 per cent. 

Mixtures of weak bases with very different dissociation con- 
stants may also be titrated in this way. The titration of ammo- 
nia in presence of pyridine, for example, has practical significance. 


Ke? Roa a1 08: pr = 7.4; 


Indicator: neutral red or phenol red. 

Accuracy about 0.5-1 per cent. If the two bases are to be 
titrated together, methyl yellow, methyl orange, or brom phenol 
blue, is used, and pr = 3.5. For details see Tizard and Boeree 
(10) and Kolthoff (10). 

From the foregoing discussion it is clear that it may be pre- 
dicted in advance whether a mixture of acids or bases with 
divergent dissociation constants may be titrated accurately 
in the presence of each other, or simultaneously, and that the 
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magnitude of the titration exponent may be deduced from the 
dissociation constants. 

9. The Neutralization of Weak Acids with Weak Bases.— 
As may be seen from Fig. 10 (page 35) the neutralization curve 
of acetic acid with ammonia shows in general a nearly level course. 
Only between py 6.5 and 7.5 in the region of the equivalence- 
point is it nearly vertical. It is therefore to be expected that 
the neutralization of acetic acid with ammonia, or the reverse, 
can not be made with either acid- or alkali-sensitive indicators. 
If the titration is made to the alkaline color of methyl red there 
is still 3 per cent of free acetic acid present, whereas with phenol 
phthalein there is always an appreciable amount of free ammonia 
in solution. In this case only neutral red or another similar 
indicator may be used. The titration exponent for acetic acid— 
ammonia is 7.0. It is therefore best to use a reference solution 
of fx = 7.0. The change is not very sharp, but with practice a 
considerable degree of accuracy may be attained (cf. the next 
table). 

In similar fashion other weak acids may be titrated with 
ammonia or other weak bases {11). The titration exponent is 
based on the hydrogen exponent of the neutral salt. It is 
assumed here that the dissociation constants of acid and base are 
not appreciably smaller than 10~®, since the influence of hydroly- 
sis would then increase the error to too large an extent. The 
titration error may be calculated in the same way that was used 
for carbonic acid.. Some results of experiment are given here. 

Titration of 25 cc. of 0.1 N acetic acid with 0.1 N ammonia. 


Indicator Found ee 
Nentraliredss.. 0.0. cere 24.96 —0.16 
PIES | Olea age 25.00 0.0 
Phenol phthalein.......... 25.85 +3.4 
Bre 8) Gi tS hats 25. 80 433 
Meth ylereder, esa ie 24.30 —2.8 
Phat hy ee oo ee en 24.25 = 3.0 
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The titration with neutral red goes very well if a comparison 
solution of the same py as the titration exponent is used. Phenol 
phthalein and methyl red are useless in this case. 

10. Titration of Bound Alkali in a Salt of a Weak Acid, and 
of Bound Acid in the Salt of a Weak Base.—As is well known, 
the alkali in the salt of a weak acid may be determined by titra- 
tion with hydrochloric acid, provided the acid of the salt is so 
weak that it does not impart an acid transition color to the alkali- 
sensitive indicator used. Methyl yellow, for example, imparts 
a pale acid transition color to a saturated solution of carbonic 
acid, and is therefore unsuitable for the titration of alkali com- 
bined with carbonic acid. We will now find how large the dis- 
sociation constant of the acid may be if the titration in 0.1 N 
solution is to be sharp with error not exceeding 0.2 per cent. 

If the hydrogen-ion concentration of the acid solution is not 
greater than 10-4 we may calculate roughly the maximum value 
of the dissociation constant for sufficiently accurate titration. 
If the total concentration of undissociated acid at the end of the 
titration is again 5 X 10-%, i.e., 0.1 N solutions are used, then it 
follows from the equation: 


Nair 


i, Kua, 


how large Kya maximum may be. 

since’ [H*]i= [A>] =10—, and) [HA] = 5X 10223 Kees 
ee 10 pa 630) 

If the hydrogen-ion concentration at the end of the titration 
may not exceed 10~5, then: 


Kea =) <2, 410-8 Pn = 08 Oe 


The titration error may be calculated simply from Kya. 
The basic assumption is that the error may be at most 2 per cent, 
and hence at most 2 per cent of undecomposed salt may be pres- 
ent. If pr = 4.0, it is found that: 


Selo = 


Bella 


X Kua. 
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This [A~] does not agree exactly with the concentration of the 
still undecomposed salt because the solution of the weak acid 
also contains some anions at the end-point. The latter amount 
must be subtracted from the above value; it may be calculated 
simply; in the acid solution: 


[H+ = [A-? = VK, X HA, 
Aq) = 2.9 3 1071VK un, 


At a py of 4 the concentration of [A~], yielded by the unde- 
composed salt is: 


—2 =. 
ee Ki e.2 10 Vis 1102) 


Since an error of 2 per cent was stipulated, [A] in the titra- 
tion of 0.1 N solution is 10-*. From this value and equation 
(102) it follows that: 


SoGl0- ko, — 0.22VK5,=— 10-4: 
Hence 
Roe i XK 0S Pei 6:3. 


It may be calculated in the same way how large Kya may be 
at pr = 5 and a limiting error of 2 per cent. It is thus found 


that: 
Keen a. DES x 10-8, and Pua a TG: 


If combined alkali is to be titrated in 0.1 N solution using 
methyl yellow (pr = 4), then: 


Kya must be = >5 X10’ and faa = <6.3; 


if methyl red is used (pr = 5), 
Ke, mnust be = < 2.5 xX 10°, pura = > 7.60, 


with an upper limit of error of 2 per cent. 

The maximum value of the dissociation constant for other 
concentrations may be calculated similarly. If the particular 
salt is insoluble, the concentration of the undissociated acid soon 
reaches a maximum and remains constant. It should be con- 
sidered in the calculation that [HA] agrees with the concentration 
of the saturated solution. Thus the maximum value of con- 
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centration of carbonic acid in water at room temperature is 
5 X 10-? molar. 

Conversely, it is very simple to find by calculation how large 
the dissociation constant of a base may be if the combined 
acid of its salt is to be titrated with alkali using thymol phthalein 
or phenol phthalein. Again assuming an error of 2 per cent for 
0.1 N solution, and pr = 9.0, we obtain: 


Kegon = < IRS >. 4 10-8, Psou = = Vie 
and at pr = 10: 
Keon =S <5 x< {0c Psou =i Ss 10)5) 


These deductions are capable of manifold application. 
It may be concluded, for example, that alkali bound as carbonate 
or bicarbonate may not be determined using methyl red because 
the error would be too great. Methyl yellow, however, is excel- 
lent for this purpose. A. Richter (12) determined the influence 
of carbonic acid on methyl yellow in the presence of salts. 
These data are not, however, of great practical importance 
because the carbonic acid content of an acidified carbonate solu- 
tion changes rapidly when the solution is exposed to the atmos- 
phere. On the other hand, the alkali bound to boric or hydro- 
cyanic acid may be determined excellently, using methy] red, if 
we choose a pp that agrees with the py of the aqueous solution of 
the acid thatyis present at the end of the titration. 

The titration of acid combined with weak alkali may also 
be determined. Thus salts of aluminum and some other metals 
may often be titrated easily with phenol phthalein under con- 
trolled conditions. Acids combined with aniline, the alkaloids, 
etc., may be determined by titration by observing the titration 
exponent. The titration error may be calculated from the known 
pr in any given instance. 

11. Titration of N Acids or Bases.—Thus far solutions as 
dilute as 0.1 N have been continually assumed. It may be sim- 
ply shown that many titrations may be carried out with N solu- 
tions that are not sufficiently exact with 0.1 N solutions (13). 
On page 113 we have seen that the titration of a base with methyl 
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yellow as indicator and 0,1 N solution of acid may be made with 
an accuracy of 2 per cent if the dissociation constant is greater 
than 3 X 10-8. If it is smaller the titration error becomes 
greater. If we assume that a less acid sensitive indicator is 
used in this case the change with 0.1 N acid is very difficult 
to distinguish in the region of the equivalence-point (¢/. page 106). 
If, on the other hand, a 1 N solution of a weak base of dissociation 
constant 10-° is titrated with N hydrochloric acid, the deter- 
mination may be very easily made with an accuracy of 2 per 
cent if acid is added until the first deviation from the color of the 
indicator in water is noted. In the same manner that was used 
in calculation of the titration error it may be deduced that bases 
of dissociation constant down to 10~!° are still capable of titra- 
tion to 1 per cent accuracy using tropeolin 00. A reference solu- 
tion of py identical with that of the solution at the equivalence- 
point must be used. If the dissociation constant of the base is 
known, the py may be calculated simply from the hydrolysis 
equation. 

It may likewise be deduced that base combined with an acid 
may be titrated with 1 per cent accuracy using tropeolin 00 if 
the dissociation constant of the acid is smaller than 10-4, nat- 
urally on condition that suitable reference solutions are used and 
that the reagents are normal. Upon titration of 1 N alkali 
acetate with N acid the author found 25.05, 25,04, and 25.10 cc. 
acid, respectively. Either 0.5 N acetic acid or 0.003 N hydro- 
chloric may be used as reference liquid in this case. Alkali com- 
bined with formic acid may be determined with an accuracy of 
1-2 per cent. It is of practical importance that bases such as 
aniline, urotropin, etc., may easily be determined with an accu- 
racy of 0.5 per cent. All that has been said about the use of 
normal acid holds, mutatis mutandis, for the use of normal 
bases. With tropeolin 0 or nitramin as indicator and using 
suitable reference solutions, weak acids whose dissociation con- 
stants are not smaller than 10-19 may be determined with an 
accuracy of 1 per cent; also acids that are bound to bases of 
dissociation constant smaller than 10-*. It should be noted that 
the reference solutions should not be prepared by diluting 
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sodium hydroxide because traces of carbon dioxide from the 
air may have a very great effect on the color. Hence solutions 
of sodium carbonate are more useful. 

Titration with N NaOH is practically important in the 
determination of boric acid and phenols. It is quite significant 
for the investigation of fertilizers that acids combined with 
ammonia may be determined with N reagents using tropeolin 0, 
or better nitramin as indicator. 

The maximum limit of error, i.e., 1 per cent, is found in cases 
in which the dissociation constants reach the limiting values 
given above. If the conditions are more favorable the errors 
are smaller (cf. Kolthoff (10)). 

Although it may easily be seen from the table at the end of 
this book, and the typical cases developed in this chapter, what 
acids and bases may be determined under given conditions with 
permissible accuracy, the following tables are given to simplify 
the use of these ideas. In the construction of the tables it was 
assumed that acids are always to be titrated with strong bases, 
and bases with strong acids. It is not possible to give the exact 
titration exponent because this is only valid for a given concen- 
tration of acid or base. 

Acids that are bound to heavy metals or alkaloids are in 
general titrated with phenol phthalein as indicator. In titrating 
alkaloid salts with alkali the addition of alcohol or chloroform 
is usually necessary. 

Acids bound to ammonia may be determined in N solution 
with N alkali using nitramin as indicator. 

The dibasic acids that have been mentioned are not in general 
able to be titrated as monobasic acids using indicators. The 
following acids behave differently toward different indicators 
with respect to their titration acidity. 


Phosphoric and arsenic acids: 

As monobasic acids to M. Y., M. O. or B. P. B. with primary 
phosphate as comparison solution. As dibasic acids to 
Th. pht. Ph. pht., and Th. B. are able to be used when the 
solution is saturated with table salt. May be titrated as a 
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tribasic acid using Ph. pht. or Th. B. with much calcium chloride 
present. 


Acs THAT MAy Be DETERMINED BY TITRATION 


| 


Acids | Indicator 
SELON PEACHES ste arg ava el arheinrecsral earn os Any indicator 
Formic, and homologues........... Phy Pht. Un Be Phe Ree Nek 
Oxalic, and homologues............ dedaeD aahinns ALG Heyer, APM MRE MINI NS 
12 hy GGL aUEe oe aera a ee a Phe Pht. in. Bo Phe RewNe RR: 
Boric, with polyvalent alcohols. ..... Phe Pite) he Bes 
Boric, without polyvalent alcohols...| Nitramin; Tr. 0. oe page 128. 
Chromite eerie aacrnay. 4 eee: Pha Pbtebne Be 
PEVORGEVANIGH ccc och ae Cesk Sea Siete Nitramin; Tr. 0. 
AM PNACORYsACIOS ....0. 6 2s 44/002 t Phe PRG ine Bess eho smiN ce 
PRPC MLOM-ACEMEs «cau cies. an Cee kc Bare Any indicator 
Benzoic and homologues........... Phe Patee bbs 8. 
SiR ULC WGan teres Aeon oleic Ae wis wls.« bis Sn Phe Phtee bh bse phe Rkee me Nes 
UAT Ge tian See aera erate Phe Pots) the be 
ENGR CME iat; scl oece ube tse baw PhePhtesw nba DheikormNG Re 
(Ger Roe pes alee Seat caer ee ete ge Me Re (not Ph: Pht) ThaBs) 
1a Te Sd Sag ety I EE cee acne Phebe lhe Be 
PIER AULL Coe ein rates Sta ai ste aie Sous Ph Pht) 0h 8. 
WSS ace Calas atts ee Bh, Pht.3 ChB. 
SA pe Hanmer etait cawels ay alaw se os Ph. Pht.; Phy Bis Phe ReveN Re Man ks 


Ph. pht.=phenol phthalein; Th. B.=thymol blue; Ph. R.=phenol red; 
N. R.=neutral red; M. R.=methyl red; Tr. 0.=Tropeolin 0. 


Phyrophosphoric acid: 
As dibasic acid using M. Y., M. O., or B. P. B. to fr = 4.0. 
As tetra-basic acid with Ph. pht., Th. pht., or Th. B. in presence 
of enough barium salt. 


Carbonic acid: 
As monobasic acid using Ph. pht. or Th. B. in presence of 
enough table salt or glycerine. As dibasic acid in presence of 
enough barium salt using Ph. pht. or Th. B. 


Sulphurous acid: 
As monobasic acid with M. Y., M.O., or B. P. B. Dibasic 
acid in presence of enough barium salt with Ph. pht. or T.B. 
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Glycerophosphoric acid: 
As monobasic acid with M. Y., M. O., or B. P. B. As 
dibasic acid with Ph. pht. or Th. B. 


BASES THAT May BE DETERMINED BY TITRATION 


Nature of Base Indicator 


Base Bound to: 
Boricracic! sarap saerriciae ee Mi Ost Miner Bankes 
Garboniera cidasspmerat tats IMO; 3 Me Yo7) bs BoB. 
Hydrogen sulphide......... WIM IT, NER NB} dee 13) 
Phosphoric acid to prim 


Sail baa Meeer a encntessticreer, te ote MeOi Mayes ba Dawe 

Aceticracideetc: semmrcr cade Tr. 00 with 1 N HCl and acetic acid as a reference 
liquid (cf., p. 128) 
Free Bases 

Stroneybasesneeere errant All indicators 
PATI MLO DIA Mer eer cacte, sete tauct 5) «fs MecRS 8 Ba GPs Mo Ole MeaYo bees 
jeter Mayer Ae Ses cae ten eens Mes Whe 00 (cf., p- 112) 
Evidrazine mney me neni MEG Re se iei@)S se Vie Vamsi bees 
FAMINE S: Aone Meee re iat MEERA a BG. Pein Os Vien VoD eeetye 
ENCOMIBIND. 5.559.005 ondeco IVESIR Mia Ove Mig Veo bass 
Brucine (monacid).........] M. R.; B. P. B. (with 50% alcohol) 
Cinchona alkaloids (monac.)| M. R.; B.C. P. 
Oy... ssaceenacnocenc TrsO0! 
Cocaine we irae sha erie Ma Ri) B. Ce RaaME Ole Me ses copia 
[DNS reco hom ceo ene ae Ma Roe By C.. Po MOM Vee Dera 
Hexamethylene tetra-am- 

AMUN Merete tte, «ae ee Tr. 00 (¢f., p. 128) 
Contin eames crix ents Ma Re By CePiaBy Rabe avis Oxia Var BD aiben 
INarcolincaane rerio MES OF IVEY sb alae ibe 
PERKINS. eG occuamon cod Ma ReMi Ole MiaYeon Bases 
IMIGPNUNT, 5500 co5.0o.e008¢ ME Rse Vie Ore Vien Ve ees . 
IPiperaz in Cpemeeyre ac nrc MOS Min ves babe 
INFN « Kes SOOTOocoMO Oe ME ReMi Ole ME Veen bees 
Bilocarpin eaerre cer rae VERS Baca es 
SPaltelnereprreias neat ee MR) BCP SB le Bae Me Onin Ves he babs 
Strychnine (monacid)...... Me Re BoC. PB bs Ba(wathralcohol)) 


Th. pht.=Thymol phthalein; Ph. pht.=phenol phthalein; Th. B.=thymol 
blue; B. T. B.=brom thymol blue; B. C. P.=brom cresol purple; M. R.=methyl 
red; M. Y.=methyl yellow; B. P. B.=brom phenol blue; Tr. 00=Tropeolin 00. 


For a full discussion of the titration of alkaloids and their 
salts see Kolthoff (14). 
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CHAPTER V 


THE COLORIMETRIC DETERMINATION OF HYDROGEN- 
ION CONCENTRATION 


1. The Basis of the Procedure lies in the fact that every 
indicator has a transition interval within which its color changes 
with change in hydrogen-ion concentration. If the py of a given 
solution is to be determined a suitable indicator is added, i.e., 
one that assumes a transition shade; then the hydrogen exponent 
is derived by comparison of this color shade with that of the 
‘indicator in solutions of known py. It is therefore a comparison 
procedure whose accuracy depends primarily upon the correct- 
ness of the reference solutions (standards). The fy» of the latter 
is determined with the hydrogen electrode. The standardiza- 
tion with the hydrogen electrode is therefore the primary pro- 
cedure, upon which the whole colorimetric procedure rests. It 
will be shown subsequently that presence of foreign substances 
may cause deviations from the correct value when the colori- 
metric procedure is used. 

2. Standard Solutions.—The hydrogen exponent of the ref- 
erence solutions must be determined with the highest accuracy. 
The procedure of Michaelis (1) is not to be recommended. He 
calculates the py-value of various buffer mixtures, e.g., acetic 
acid—sodium acetate or ammonia—ammonium chloride, with the 
aid of the dissociation constants of the acids and bases. S. P. L. 
Sérensen (2) performed a specially useful and fundamental ser- 
vice in establishing a series of buffer mixtures with widely ranged 
pu-values. He determined the hydrogen exponent of these solu- 
tions with the hydrogen electrode. Walpole (3) later measured 
the py-values of sodium acetate—acetic acid mixtures; Palitzsch 
(4) studied the system boric acid—borax; Clark and Lubs (5) 

134 
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have established a scale of buffer mixtures whose py rises in 
increments of 0.2 unit from 2.0 to 10.0. 

As has been shown in the first chapter, the buffering value of 
mixtures of a weak acid or base with its salt is not equally 
effective in all cases. The equalizing action is strongest in a 
solution where py = Pya, ie., one that contains equivalent 
amounts of acid and salt (see the views of Donald D. Van Slyke, 
page 24). In this case the hydrogen exponent only changes 
slightly with small irregularities in composition, The greaters 
the difference between py and pya, the smaller is the buffering 
power, and finally at po = Pua + 2 the solution has almost lost 
buffering power. This fact must be taken into account in using 
various buffer mixtures. 

It is recommended that a mixture of acids of slightly different 
dissociation constants be used in the preparation of buffer mix- 
tures of great buffer capacity at various compositions (page 29). 

The Clark and Lubs (5) mixtures are very simple to prepare. 
The original materials may easily be obtained in pure form, and 
the equal differences in py-value,—about 0.2 unit,—offer prac- 
tical advantages. 

The chemicals that are necessary for the buffer mixtures 
of Clark and Lubs (5) may in general be obtained simply in pure 
form (vide infra). 

The situation is less favorable with the various primary 
substances that Sdrensen (2) used. The substances may be 
obtained in pure form from Kahlbaum, but there is no check as 
to purity. It is not possible to rely on the secondary sodium 
phosphate of Kahlbaum to contain exactly two molecules of 
water of crystallization. A determination of the residue on 
heating is necessary as a check. 

Nevertheless the mixtures recommended by Sorensen are 
accepted here because the hydrogen exponents of the solutions 
that he recommended have been determined with high accuracy. 
Furthermore Walbum (6) has determined the change in pg 
between 10° and 70° for various members of this series, so that 
we now have data for the py of the standard solutions at tempera- 
tures other than 18° and 25°. The change in py with changing 
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temperature runs very regularly so that the value of py at any 
temperature between 10° and 70° may be found by a straight line 
interpolation. The author has given in the table the values at 
40° for the sake of convenience. A table of Palitzsch (7), that 
has very exactly determined values of pq for mixtures of boric 
acid (mixed with some potassium chloride) and borax, is also 
reproduced. Further, since mixtures of soda and hydrochloric 
acid are easy to prepare and have good buffering action and are 
stable, the py-values of a series of these systems are given. 
These were determined by means of the hydrogen electrode by 
the author in collaboration with Prof. W. E. Ringer (8) in the 
Utrecht physiological laboratory. Finally a series of py-values 
of mixtures of secondary phosphate with sodium hydroxide, are 
drawn from the work of Ringer (8), so that buffer mixtures of 
value fy 11-12 are also included. In the following pages 
standard solutions are also considered. Those of Clark and 
Lubs are especially recommended. 

Purity of the Preparations. Hydrochloric acid and sodium 
hydroxide, carbonate-free, are prepared according to the usual 
volumetric procedures. Potassium biphthalate is obtained accord- 
ing to Dodge (7) with small deviations from the procedure of 
Clark and Lubs (5), by dissolving 60 g. potassium hydroxide 
(containing little carbonate) in 400 cc. of water and adding 
50 g. of orthophthalic acid or twice as much twice-sublimed 
phthalic anhydride. The solution is then brought to weak 
alkaline reaction toward phenol phthalein using phthalic acid 
or potassium hydroxide, and then an equal amount of phthalic 
acid is added. Care should be taken that the amount added is 
equal since otherwise the biphthalate will contain excess of either 
phthalate or acid. The boiled solution is filtered hot and the 
potassium biphthalate is obtained by crystallization upon cooling 
the solution with thorough shaking. The filtered salt is recrys- 
tallized at least twice and dried at 110-115°. According to 
Dodge the crystallization may not be made below 20° because 
an acid salt is then formed. 


STANDARD SOLUTIONS 137 


BuFFER MIXTURES 


Primary Solutions | Investigators From py 


I. 0.1 N hydrochloric acid with 0.1 N KCl | 


CRAG oper Ie) So7 econ Meccan eee Clark and Lubs (5) | 1.0 - 2.2 
II. 0.1 N HCl with 0.1 N K-biphthalate 
COP simer lisa ace Sey trees Clark and Lubs (5) | 2.2 - 3.8 
III. 0.1 N sod. hydroxide with 0.1 N K- 
Pp thalate..6 categorie take none Clark and Lubs (5) | 4.0 - 6.2 
IV. 0.1 N sod. hydroxide with 0.1 N K| 
biphosphate (13.62 g. perl.)......... Clark and Lubs (5) | 6.2 — 8.0 


V. 0.1 N sod. hydroxide with 0.1 N boric 
acid (6.20 g. per 1.), 0.1 N KCl (7.46 


PRDER UNE ae olae ction s Ghia oe eR Clark and Lubs (5) | 8.0 -10.0 
VI. 0.1 N HCl with 0.1 N glycocoll (7.505 g. | 
perl.) and 0.1 N NaCl (5.85 g. perl.)..| Sérensen (2) 1.04- 4.0 
VII. 0.1 N NaOH with 0.1 N glycocoll (7.505 
g. perl.) and 0.1 N NaCl (5.85 g.per1.); Sérensen (2) 8.24-10.48 


VIII. 0.15 N K biphosphate (9.078 g. per 1.) | 
and 1.15 N NasHPO,2H,0 (11.88 g. | 


[OCA PORES 5 Scien en, des oe Dera | Sdrensen (2) 6.0 — 8.0 
IX. 0.1 N sec. Na-citrate (from citric acid) 
AOFEN TOME UNG EEG ee co.cc’ Ae a ates ; S6rensen (2) 2.97— 4.96 
X. 0.1 N sec. sod. citrate with 0.1 N NaOH..: Sédrensen (2) 4.96- 6.3 
XI. 0.1 N borax (19.10 g. per 1.) with 0.1 | 
(Fs CORN i Ue ee | Sorensen (2) 8.0 - 9.24 
AIT. 0. N Borax with 0.1 N NaOH........ Sdrensen (2) 9.24-10.0 


XIII. 0.1 N borax with 0.2 N boric acid and | 
0.05 N NaCl (12.40 g. boric acid and 


BOD ore, Natl meri neo iecustate eh eo Palitzsch (7) 7.60- 9.24 
XIV. 0.1 N HCl and 0.2 N Na2CO; (10.60 g. 
per ls). sibte con doco ae bare ae Kolthoff 110.0 -11.2 
XV. 0.15 N sec. sod. phosphate and 0.1 N sod. 
yer Oacles yeh. Aen muecarays ayeuss scieeorr et 6 Ringer (8) 11.0 -12.0 
XVI. 0.05 molar succinic acid and 0.05 molar | 
OED Setar Ter RS Siete pe nore reks Menete sass Kolthoff (1925) 3.0 — 5.8 
XVII. 0.1 molar primary phosphate and 0.05 | 


TTOLA TS DORA Sete. at Steere se Kolthoff (1925) 5S = Ole2 


Primary Sodium or Potassium Phosphate: Sorensen used a 
Kahlbaum preparation of potassium phosphate. It was found 
that primary sodium phosphate may be used without changing 
the py. The commercial preparation is simply crystallized two 
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or three times from water and dried at 110° to constant weight. 
When dried at 100° and 20-30 mm. pressure it should not lose 
more than 0.1 per cent; loss on ignition 13.23 + 0.1 per cent. 

Secondary Sodium Phosphate: Sérensen used a Kahlbaum 
preparation of NagHPO.2H2O without further test. The 
author starts with a commercial preparation with twelve mole- 
cules of water that is thrice fractionally crystallized and then 
dried to constant weight over calcium chloride in an exsiccator. 
It then has the desired composition, Naz2HPOs42H20. When 
dried at 100° and 20-30 mm. pressure the loss in weight of the 
salt is 25.28 + 0.1 per cent. See N. Schoorl (10) on the prep- 
aration of the di-hydrate. 

Boric Acid: The commercial preparation is recrystallized 
at least three times from water and then dried in thin layers 
between filter paper, and finally a short time in the oven at 100° 
or in a vacuum exsiccator at room temperature. The 0.1 molar 
solution colors methy] red a transition shade. 

Borax: The thrice recrystallized commercial preparation 
is dried to constant weight in an exsiccator over deliquescent 
sodium bromide. The composition is then Na2B40710H20; 
the y'5 molar solution contains 19.10 g. per liter. 

Sodium Carbonate: Most simply obtained pure by heating 
sodium bicarbonate or oxalate for half an hour at 360° (Lunge 
(11), Sdrensen (11)). 

Glycocoll (Kahlbaum): A solution of 2 g. of glycocoll in 
20 cc. of water should remain clear and should give no precipi- 
tate with barium nitrate; with silver nitrate at most a slight 
opalescence. The ash of 5 g. of glycocoll should not amount 
to more than 2mg. The nitrogen content, determined according 
to Kjeldahl, should be 18.67 + 0.1 per cent. 

Citric Acid (Kahlbaum): A commercial preparation may be 
used after twice recrystallizing from water and drying over 
sodium bromide to constant weight. The composition is then 
Ce6Hs07H20. 

According to Sérensen the acid should give a clear solution 
that gives no reaction with barium or silver nitrate. The ash 
from 5 g. should be less than 1 mg. The acid loses its water 
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of crystallization when dried at 70° and 20-30 mm. Per cent 
loss in weight: 8.58 + 0.1 %. 

The solution of secondary citrate is prepared from citric acid: 
21.01 g. of citric acid are dissolved in 200 cc. N sodium hydrox- 
ide and diluted to 1 liter. 

Borax Solution according to Sédrensen (2): 12.40 g. boric acid 
are dissolved in 100 cc. N sodium hydroxide and diluted to 1 liter. 
It is better to start with pure borax and make an 0.05 molar 
solution from this preparation (19.10 g. in a liter). 

Succinic Acid: The high-grade commercial material may be 
purified by two or three recrystallizations from distilled water. 
It should be dried in air in thin layers and finally to constant 
weight in a desiccator over calcium chloride. There is no water 
of crystallization. The acid must not be dried at high tempera- 
ture for two molecules lose one of water to form the anhydride of 
the acid. A stock solution can not be preserved well because it 
soon becomes mouldy. The addition of a little thymol tends to 
preserve it. The 0.05 molar solution contains 5.90 g. of acid per 
liter of solution. 

A summary of the various buffer mixtures and their hydrogen 
exponents is given in the following tables. The most suitable 
indicators are given in the last columns. The mixtures given in 
italics no longer show good buffering action. 


+ Mot. HCl + } Mot. KCI (Crarx anp Luss (5)) 


Composition Indicator 


ana 
q 


97.0 cc. HC1+50 cc. KCl dil. to 200 cc. 
64.5 cc. HC1+50 cc. KCl dil. to 200 cc. 
41.5 cc. HCI+50 cc. KCl dil. to 200 cc. 
26.3 cc. HCI+50 cc. KCl dil. to 200 cc. 
16.6 cc. HCI+50 cc. KCI dil. to 200 cc. 
10.6 cc. HCI+50 cc. KCl dil. to 200 cc. 

6.7 cc. HCI+50 cc. KCI dil. to 200 cc. 


Thymol blue, Tropeolin 
00 


Oe Oe as 
NO OD FN OO 
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jy Mot. Porass. BrentHaLATe + 745 Mor. HCl (Crark anv Luss (5)) 


Composition Pu Indicator 
46.70 cc. HCI+50 cc. biphthalate to 100 cc. 22 
39.60 cc. HC1+50 cc. biphthalate to 100 cc. 2.4 Tropeolin 00 Thymol 
32.95 cc. HCI+50 cc. biphthalate to 100 cc. 2.6 blue. 
26.42 cc. HCI+50 cc. biphthalate to 100 cc. 2.8 
20.32 cc. HCI+50 cc. biphthalate to 100 cc. 3.0 
14.70 cc. HCI+50 cc. biphthalate to 100 cc. ae Methyl orange, Brom 
9.90 cc. HCI+50 cc. biphthalate to 100 cc. 3.4 phenol blue. 
5.97 cc. HCI+50 cc. biphthalate to 100 cc. 3.6 
2.63 cc. HCI+50 cc. biphthalate to 100 cc. 3.8 


qa Mot. Porass. BIrpHTHALATE + 745 Mort. NaOH (CLARK AND Luss (5)) 


Composition Indicator 


> 
q 


0.40 cc. NatOH-+50 cc. 
3.70 cc. NaOH+5S0 cc. 
7.50 cc. NaOH-+S0 cc. 
12.15 cc. NaOH-+S0 cc. 


biphthalate to 100 cc. 
biphthalate to 100 cc. 
biphthalate to 100 cc. 
biphthalate to 100 cc. 


|) Methyl orange, Brom 
j phenol blue. 


43 
46 


OCS 
BSO Cs 
BO DICG: 
.45 cc. 
85) ee, 
.00 Cc. 
-46 CC. 
47.00 Cc. 


NaOH-+50 cc. 
NaOH-+50 ce. 
NaOH-+50 cc. 
NaOH-+50 cc. 
NaOH-+50 ce. 
NaOH+60 cc. 
NaOH+60 cc. 
NaOH+60 cc. 


biphthalate to 100 cc. 
biphthalate to 100 cc. 
biphthalate to 100 cc. 
biphthalate to 100 cc. 
biphthalate to 100 cc. 
biphthalate to 100 cc. 
biphthalate to 100 cc. 
biphthalate to 100 cc. 


DAIMAnNAKHH PR PPP 
~O DA RPNOAA KN O 


Methyl red, Brom 


cresol purple. 


zy Mot. 


8.72 cc. 
6.70 cc. 
8.60 cc. 
.60 ce. 
TOUNeGE 
.65 cc. 
J63: Ce 
.00 ce. 
FOO CC; 
.80 cc. 
.20 CC. 
.80 cc. 


yo Mot. 


2.61 Cc. 
8.97 cc. 
5.90 cc. 
8.50 cc. 
.00 cc. 
. 30 cc. 
ROU EC. 
a0 Ce: 
.00 cc. 
~85 Cec; 
.80 cc. 
.90 cc. 
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BIPHOSPHATE + 4'; Mor. NaOH Dir. To 100 cc. (CLARK AND Luss (5)) 


Composition 


NaOH +50 cc. 
NaOH+60 cc. 
NaOH-+50 cc. 
NaOH-+50 cc 
NaOH-+50 cc. 
NaOH-+50 ce. 
NaOH-+50 cc 
NaOH-+50 ce. 
NaOH+50 ce. 
NaOH-+50 cc. 
NaOH +50 cc. 
NaOH +50 cc. 


phosphate dil. 
phosphate dil. 
phosphate dil. 
. phosphate dil. 
phosphate dil. 
phosphate dil. 
. phosphate dil. 
phosphate dil. 
phosphate dil. 
phosphate dil. 
phosphate dil. 
phosphate dil. 


Indicator 


> 


0 


RY YWUADAA 
SDHdARNOADKLN 


Se 


| 


Methyl red, Brom 


cresol purple, Brom 


thymol blue. 


Neutral red, Phenol 


red, Cresol red. 


Boric Acimp IN 75 Mor. KCl + 74 Mot. NaOH Dit. to 100 cc. (Clark 


AND Luss (5)) 


Composition 


NaOH +50 cc. 
NaOH+60 cc. 
NaOH-+50 cc. 
NaOH-+50 cc. 
NaOH-+50 cc. 
NaOH-+50 cc. 
NaOH-+50 cc. 
NaOH-+50 cc. 
NaOH-+50 cc. 
NaOH+50 cc. 
NaOH+50 cc. 
NaOH+50 cc. 


boric acid dil. 
boric acid dil. 
boric acid dil. 
boric acid dil. 
boric acid dil. 
boric acid dil. 
boric acid dil. 
boric acid dil. 
boric acid dil. 
boric acid dil. 
boric acid dil. 
boric acid dil. 


100 Cc. 
100 cc. 
100 cc. 
100 cc. 
100 cc. 
100 cc. 
100 cc. 
100 cc. 
100 cc. 
100 cc. 
100 cc. 
100 cc. 


7.8 
8.0 
8.2 
8.4 
8.6 
8.8 
9.0 
O94 
9.4 
9.6 
2h 
0.0 


1 


Indicator 


Cresol red. 


Phenol phthalein, 


Thymol blue. 


Thymol phthalein. 
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js Mor. NaH,PO, + anv 75 Mor. Na,HPO, (S6rENSEN (2)) 


Composition py at 18° 

9.75 cc. NaH,PO4,+0.265 cc. Na,zH PO, 5.29 

9.6 cc. NaH,POy+0.5 cc. Na,HPO, 5.59 

9.0 cc. NaH,PO.+1.0 cc. Na2HPO, 5.91 

8.0 cc. NaH2,PO4,+2.0 cc. Na2HPO, 6.24 

7 OMNGGs NaH,P0O,4+3.0 cc. Na2sHPO, 6.47 

6.0 cc. NaH:PO.+4.0 cc. Na,HPO, 6.64 

5.0 cc. NaH;PO.+5.0 cc. NasHPO, 6.81 | 

4.0 cc. NaH2PO.,+6.0 cc. Na,HPO, 6.98 

3.0 cc. NaH2PO.4+7.0 cc. NasHPO, Phesil@l 

2.0 cc. NaH2PO.,+8.0 cc. NazHPO, 7.38 

oO! Cee NaH2PO,4+9. Omee Na.HPO, Teds 

0.5 cc. NaH,PO,+9.5 cc. NazHPO, 8.04 

gy Mot. Borax witH 0.1 N HCL (S6rEnsEN (2)) 

py At 
Composition 18> ere? 407 70° 
(S6rensen) | (Walbum) 

5.26 cc. borax +4.75 cc. HCl 7.62 7.64 7.66 | Ve YE 
5.5 cc. borax+4.5 cc. HCl | 7.94 7596 |97.865| ied 
5.75 cc. borax+4.25 cc. HCl 8.14 8.17 SOM iano5 
6.0 cc. borax+4.0 cc. HCl 8.29 Ses2 Sol Om ess 08 
6.5 cc. borax+3.5 cc. HCl 8.51 8.54 8.40 8.26 
7.0 cc. borax+3.0 cc. HCl 8.68 Seize Saa0m mese40 
7.5 cc. borax+2.5 cc. HCl 8.80 8.84 | 8.67 | 8.50 
8.0 cc. borax+2.0 cc. HCl 8.91 8.96 | 8.77 | 8.59 
8.5 cc. borax+1.5 cc. HCl 9.01 9.06 | 8.86 | 8.67 
9.0 cc. borax+1.0 cc. HCl 9.09 9.14 | 8.94 | 8.74 
9.5 cc. borax+0.5 cc. HCl 9.17 9.22 9.01 8.80 
0.0 cc. borax+0.0 cc. HCl 9.24 9.30 9.08 8.86 
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go Mot. Borax witH 0.1 N NaOH (SORENSEN (2)) 


Py At 
Composition 18° Oe | 40° | ToS: 
(Sérensen) (Walbum) 
3. $$ | ——_—_—_—___———- 
10.0 ce. borax+0.0 cc. NaOH 9.24 9.30 9.08 | 8.86 
9 cc. borax+1 cc. NaOH 9.36 9.42 9.18 8.94 
8 cc. borax+2 cc. NaOH 9.50 ORS 9.30 9.02 
7 cc. borax+3 cc. NaOH 9.68 9.76 9.44 9.12 
6 cc. borax+4 cc. NaOH 9.97 10.06 9.67 9.28 
& cc. borax+5 cc. NaOH 11.07 LI OLN OE LORGL 9.98 
{ 


0.1 Mor. Grycocort (THAT Contarns 0.1 N NaCl) ANp 0.1 N HCl (S6RENSEN (2) 


Composition Py at 18° 
(Sérensen) 
a 
| 0.0 cc. glycocoll+10 cc. HCl 1.04 

1.0 cc. glycocoll+ 9 cc. HCl 1 NG} 
2 cc. glycocoll+ 8 cc. HCl 1325 
3 cc. glycocoll+ 7 cc. HCl 1.42 
4 cc. glycocoll+ 6 cc. HCl 1.645 
5 cc. glycocoll+ 5 cc. HCl 1.93 
6 cc. glycocoll+ 4 cc. HCl 2.28 
7.0 cc. glycocoll+ 3 cc. HCl 2.61 
8 .cc. glycocoll+ 2 cc. HCl 2.92 
9 cc. glycocoll+ 1 cc. HCl 3.34 
9.5 cc. glycocoll+ 0.5 cc. HCl 3.68 
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0.1 Mot. Sec. CrrraTE AND 0.1 N HCl (S6rENSEN (2)) 


Composition py at 18° 
(Sérensen) 
0.0 cc. citrate +10 cc. HCl 1.04 
1.0 cc. citrate+ 9 con HG) LL? 
2.0 cc. citrate + 8 (gen SERCH 1.42 
3.0 cc. citrate + 7 po, ele 1.926 
3.33 cc. citrate + 6.67 cc. HCl QE 27, 
4.0 cc. citrate + 6 (iter, 10 KG! 2.97 
4.6 cc. citrate+ 6.5 cc. HCl 3.36 
4.75 cc. citrate+ 5.25 cc. HCl iabe) 
5 cc. citrate+ 5 (Oe, 13k@) 3.69 
5.5 cc. citrate+ 4.5 cc. HCl SE95 
6.0 cc. citrate+ 4 oe 13! 4.16 
7.0 cc. citrate+ 3 cc. HCl 4.45 
8.0 cc. citrate+ 2 Comet 4.65 
9.0 cc. citrate+ 1 cosh 4.83 
Ono) ce. citrate! 025) sce, HCl 4.89 
10.0 cc. citrate+ 0.0 cc. HCl 4.96 


0.1 Mot. Sec. CiTRATE wiTtH 0.1 N NaOH (S6rENSEN (2)) 


Py at 
Composition ls || OE | 40° | 
(Sérensen) (Walbum) 

10.0 cc. citrate 0.0 cc. NaOH 4.96 4.93 5.04 5.14 
9.5 cc. citrate 0.5 cc. NaOH 5.02 4.99 5.10 5.20 
9.0 cc. citrate 1.0 cc. NaOH Gil 5.08 Sal9 5.29 
8.0 cc. citrate 2.0 cc. NaOH Sao i 77 5) 39) 5.49 
dz OlconcitratemanOlccs NaOlHa Sn SOS 5.64 8.75 
6.0 cc. citrate 4.0 cc. NaOH 5.97 5.94 6.04 6.15 
5.6 cc. citrate 4.65cc. NaOH (885 6.30 6.41 6.61 
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0.1 Mot. Giycocott (ContaIninc 0.1 N NaCl) and 0.1 N NaOH (S6rENSEN (2)) 


Py at 
Composition 18° 10° 40° 70° 
| \ 
(Sérensen) (Walbum) 
9.75 cc. glycocoll 0.25 cc. NaOH 8.24 
9.5 cc. glycocoll 0.5 cc. NaOH 8.575 8.75 8.12 7.48 
9.0 cc. glycocoll 1.0 cc. NaOH 8.93 9.10 8.45 7.79 
8.0 cc. glycocoll 2.0 cc. NaOH 9.36 9.54 8.85 8.16 
7.0 cc. glycocoll 3.0 cc. NaOH 9.71 9.90 9.18 8.45 
6.0 cc. glycocoll 4.0 cc. NaOH | 10.14 10.34 9.58 8.82 


3 Mot. Boric Acip AND 34; Mot. Borax (PAtrtzscu (4)) 


.38cc. borax+9.7 cc. boric acid 
.6 cc. borax+9.4 cc. boric acid 
Occ. borax+9.0 cc. boric acid 
.5 cc. borax +8.5 cc. boric acid 
.0 cc. borax+8.0 cc. boric acid 
.5 cc. borax +7.5 cc. boric acid 
.0 cc. borax +7.0 cc. boric acid 
5 cc. borax +6.5 cc. boric acid 
.5 ce. borax +5.5 cc. boric acid 
.5 cc. borax +4.5 cc. boric acid 
.0 cc. borax +4.0 cc. boric acid 
.0 cc. borax+3.0 cc. boric acid 
0 cc. borax +2.0 cc. boric acid 
.0 cc. borax-+1.0 cc. boric acid 
.0 cc. borax+0.0 cc. boric acid 


~_ 
NX 


86 Neutral red, phenol red, 
.60 Cresol red. 


.60 | | Phenol phthalein. 
.69 Thymol blue. 


COONAN EFWWNNHKK OD 
© 0 CO CO Go GO Go oo ST ST SI Se SS 
i) 
i=) 


Sent 
oO 


0.05 Mor. Borax AND 0.1 Mor. NaOH (S6rENSEN (2)) 
9 cc. borax+1 cc. NaOH 9.36 


| 
8 cc. borax+2 cc. NaOH 9.50 
7 cc. borax+3 cc. NaOH 9.68 | Thymol phthalein. 
6 cc. borax+4 cc. NaOH 9.97 
5 cc. borax +5 cc. NaOH 11.07 
4cc. borax +6 cc. NaOH 12,37, 
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0.1 Mot. NazCO; anp 0.1 Mor. HCl (KorrHorr) 


20 cc. HC1+50 cc. NazCO; to 100 10.17 

15 cc. HC1+50 cc. NaxCO; to 100 10.35 | Thymol phthalein. 

10 cc. HC1+50 cc. NazCO; to 100 10.55 
5 cc. HC1+50 cc. Na»CO; to 100 10.86 Alvartieyellow | icin 
3 cc. HCI+50 cc. Na2CO; to 100 11.04 | meetin G z " 
0 cc. HC1+50 cc. NazCO, to 100 11.36 geting 


0.05 Mor. NasHPO, anv 0.1 Mor. NaOH (S6RENSEN) 


Pu 
9 cc. NasHPO,«+1 cc. NaOH WR 9 
P2512 


6.67 cc. NazHPO.+3. 33 cc. geal 


Phenol Phthalein 


Alkaline 


Ae 


Methyl Red 


ee (Se NE eS Can Se 


ee 


0 5 10 15 20 a 25 30 35 4 4 
cM 0,1 N Acid or Alkali 


Fic. 17.—Buffer mixtures of Clark and Lubs. 
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0.15 Mo. NazHPO, anv 0.1 Mor. NaOH (Ruvcer (8)) 


| 
15 cc. NaOH-++50 cc. NazHPO, 10.97 
25 cc. NaOH+50 cc. Naz:HPO, 11.29 Tropeolin 0, 
50 cc. NaOH+5S0 cc. Na2HPO, erie! Alizarine yellow, 
75 cc. NaOH+50 cc. Na2HPO, 12.06 Nitramin. 


A new set of buffer mixtures that can be prepared without 
the use of standard acid or base has been proposed by the author 
(12). Weighed salts or acids are used, so that the preparation 
of standard acid or base is not necessary. These statements 
apply to mixtures of succinic acid and borax, which furnish 
buffers of py 3.0 to 5.8, while primary phosphate—borax mix- 
tures give a range of py from 6.0 to 9.2. 


0.05 Moz. Succrnic Acid AND 0.05 Mot. Borax (KottHorr (12)) 


Composition Pa at 18° 


. succinic acid+0. 14 cc. borax 
. succinic acid+0.35 cc. borax 
. succinic acid+0.60 cc. borax 
. succinic acid+0.95 cc. borax 
. succinic acid+1.37 cc. borax 
. succinic acid+1.78 cc. borax 
. succinic acid+2.22 cc. borax 
. succinic acid-++2.62 cc. borax 
. succinic acid-+3.00 cc. borax 
. succinic acid+3.35 cc. borax 
. succinic acid+3.68 cc. borax 
. succinic acid+3.95 cc. borax 
. succinic acid+4.21 cc. borax 
. succinic acid+4.43 cc. borax 
. succinic acid+4.60 cc. borax | 


annnn — PF PP FW WWW WwW 
CDA FPNOTOARDKHNOAA LN SO 
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0.1 Mor. KH»PO, + 0.05 Mor. Borax (KoLrHorr (12)) 


Composition | Peat lS. 


21 cc. KH2PO4+0.79 cc. borax 
77 cc. KHePO4+1.23 cc. borax 
30 cc. KH2PO4+1.70 cc. borax 
78 cc. KH2PO4+2.22 cc. borax 
.22 cc. KH2PO4+2.78 cc. borax 
67 cc. KH2PO4+3.33 cc. borax 
23 cc. KH2PO44+3.77 cc. borax 
81 cc. KH2PO4+4. 19 cc. borax 
50 cc. KH2PO4+4.50 cc. borax 
17 cc. KH2PO4+4. 83 cc. borax 
92 cc. KH2PO4+5.08 cc. borax 
65 cc. KH2PO4+5.35 cc. borax 
30 cc. KH2PO4+5.70 cc. borax 
87 cc. KH2PO4+6. 13 cc. borax 
40 cc. KH2P04+6.60 cc. borax 
76 cc. KH2PO4+7. 24 cc. borax 
75 cc. KH2PO4+8. 25 cc. borax 
50 cc. KH2PO4+9.50 cc. borax 


SEH NO WW RP RUM HNDAANN ®© WO 
OO CO COMMON NININNAAAAAAGA 
NOWRA RPNOCWARAKHPNOCAA LN OC CO 


If a mixture of higher py (than 12) is to be used, it is most 
convenient to dilute 0.1 or 1.0 N NaOH with carbonate-free 
water to an appropriate extent. The [OH~], [H+], and py may 
be calculated from the degree of dissociation. The Clark and 
Lubs solutions of biphthalate mixed with hydrochloric acid or 
sodium hydroxide are made from § N solutions, according to 
their directions. Since N/5 solutions of HCl and NaOH are 
not usually on hand, equivalent amounts of 0.1 N solution may 
be used, as the author has directed in the tables. Certain of the 
mixtures were compared with those prepared by Clark and Lubs 
specifications at 18° using the hydrogen electrode; no greater 
difference than 0.05 in py was found. 

The dependence of buffer capacity on composition can easily 
be derived by the considerations of Van Slyke (p. 24). The 
author has indicated the molecular buffer capacities of Clark’s 
phosphate mixtures at various py values in Fig. 18. 

The investigators quoted made their H-ion determinations 
with the hydrogen electrode at 18 or 25°. The py of the mix- 
tures varies only slightly with changing temperature. On the | 
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contrary, mixtures of ammonia and ammonium chloride, whose 
pu Hildebrand (13) and Blum (14) have shown to be strongly 
influenced by temperature, are not to be recommended. 

Mcllvaine (15) has determined the hydrogen exponents of 
mixtures of 0.2 molar secondary sodium phosphate and 0,1 
molar citric acid. In 


the region of the point > 7 ara 
that corresponds to the ° 
reaction of primary °° 
phosphate the liquid has 4 

0,3 


a good buffering action 
(cf. Van Slyke, page 2% 
24). It would be de- 01 
sirable to have the 

ens 58 6,0 62 64 66 68 7,0 7.2 74 7,6 7,8 8,0 
Pp a-values of McIlvaine’s Fic. 18.—Molecular buffer capacities of Clark’s 
solutions redetermined phosphate solutions. 
on dilute solutions, since 
the salt error may play a very large réle at the concentrations 
of his solutions. 


Mixtures OF 0.2 Mot. Citric Acip wiTH 0.2 Mot. SECONDARY SODIUM PHOSPHATE 
(McILvAINE (15)) 


| 

0.1 Mol. 0.2 Mol. 0.1 Mol. 0.2 Mol. 

Citric Acid, } NasHPO,, Pu Citric Acid, | NasHPO,, (pe 
ec; cc. ce; CG, 
19.60 0.40 2.2 9.28 10.72 5.2 
18.76 1.24 2.4 8.85 11.15 5.4 
17.82 2.18 26 8.40 11.60 5.6 
16.83 3.17 2.8 7.91 12.09 5.8 
yeag 4 6411 3.0 39 12.63 6.0 
15.06 4.94 3:2 6.78 13:22 62 
14.30 5.70 3.4 6.15 13.85 6.4 
13.56 6.44 3.6 5.45 14.55 6.6 
12.90 7.10 3.8 4.55 15.45 6.8 
12.29 hl 4.0 3.63 16,37 70 
11.72 8.28 4.2 2.61 17.39 7.2 
11.18 8.82 4.4 1.83 18.17 7.4 
10.65 9.35 4.6 127 18.73 7.6 
10.14 9.86 4.8 0.85 19.15 7.8 
9.70 10.30 5.0 0.55 19.45 8.0 
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Acree, Millon, Avery, and Slagle (15) have selected the fol- 
lowing mixture as a general buffer solution: 
1 molar primary potassium phosphate. 
‘molar sodium formate, 
molar sodium acetate, 
molar sodium phenolsuphonate, 
1 molar secondary phosphate, 
0.005 molar thymol (saturated solution). 


The solution is brought to the desired py by addition of 0.5 
mol, HCl or NaOH; the fy values are derived from a graph. 

Then 10 cc. of the solution are diluted to twice their volume. 

E. B. R. Prideaux and A. T. Ward (16) use a mixture of acids 
in preparing a “ universal buffer solution,” with a py range 
between 2 and 12. The mixture consists of equivalent amounts 
of phosphoric, phenyl acetic, and boric acids. A 0.1 N solution 
is made and partially neutralized with 0.1 sodium hydroxide. 


mm alo alan 


Per Cent | Per Cent 
Neutralized Pu | Neutralized Pu 
0 1.99 | 55 
5 Daley | 60 7.91 
10 | 65 8.62 
15 2.65 70 9.11 
20 3.10 75 
25 3.73 || 80 10.21 
30 At ii 85 
35 4.80 90 viral 
40 5.43 95 | 
45 6.30 100 11.94 
SC 6.84 | 
| 


3. Technique of the Determination.—It must be clear as to 
which indicator is most suitable. The reaction of the liquid is 
tested by various indicator papers, as congo, litmus, or phenol 
phthalein paper, or small amounts of the liquid are tested with 
different indicators. Having found roughly that a solution is 
acid to phenol phthalein and weakly alkaline to litmus, and must 
therefore have a py in the neighborhcod of 7-8, neutral red would 
probably be satisfactory for the determination. A suitable 
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reference solution is then selected. For the actually determina- 
tion colorless test-tubes of Jena, Cologne-Ehrenfeld, or Pyrex 
glass, and of as nearly as possible the same diameter, are used. 

(If only a small amount of fluid is available, Felton’s (17) pro- 
cedure may be used, namely, place a drop of the liquid on a por- 
celain plate (spot plate), add a drop of indicator and compare 
the color with that of a drop of buffer solution treated in the 
same manner. For micro-colorimetric determinations see V. C. 
Myers, H. W. Schmitz, and L. L. Booker (17); J. H. Brown 
(17).) 

To every 10 cc. of solution is added some indicator,—about 
a drop of solution of the concentration given in Chapter III,— 
and the reference solution is treated in exactly the same manner. 
It is best to use a test-tube stand during the comparison of 
the colors; the tubes are supported obliquely at an angle of 
35-40° to the vertical, against a white background of milky 
glass, or paper. The colors may now be judged in two different 
ways. One consists in looking through the tubes toward a 
bright background. Another way is to look up from below, the 
stand being turned through an angle of 35-40°. Enough refer- 
ence solutions must be prepared so that the color of the unknown 
falls between two of those of the series, and not beyond. Fur- 
thermore, the unknown and the reference solution must have equal 
quantities (exactly measured) of the same indicator. The concen- 
tration is of very great significance if the indicator is one-colored. 
With two-colored indicators it is not as important, since the 
ratio of the acid and alkaline forms is judged. Here too it is 
advantageous to add the indicator with a small pipette rather 
than with a dropping bottle. Differences between various 
colorimetric determinations with phenol phthalein have been 
traced back to the fact that the indicator was added from a 
dropping bottle in some instances. The same holds true for 
thymol phthalein, p-nitro-phenol, nitramin, etc. 

It is also important that the unknown and reference solutions 
be treated simultaneously with indicator and observed after 
standing a short time. The color intensity of some indicators 
decreases on standing. Methyl violet is green in 0.1 N HCl. 
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After fifteen minutes the color has decreased markedly, and dis- 
appears after an hour. It is therefore advantageous to observe 
and compare rapidly after the indicator has been added. Here 
again circumstances are favorable, for the speed of decomposi- 
tion of the indicator depends upon the hydrogen-ion concentra- 
tion, and therefore goes at the same rate in both solutions. The 
color must also be observed quickly in case of the slightly-soluble 
indicators, because there is the possibility that an excess of such 
an indicator may remain in colloidal solution for a time and then 
separate in flocculent form. A part of the dissolved indicator 
may be absorbed by the flocculent precipitate, thus making the 
color erratic. If, for example, a drop of 0.1 per cent methyl 
yellow solution is added to 10 cc. of a primary phosphate solution 
and the color observed at once, and then after fifteen minutes, it 
can be plainly seen that the color has faded on standing, since 
most of the indicator has separated out. The azo-compounds 
that are insoluble in water are especially apt to behave in this 
way. The water-soluble ones, however, such as methyl orange 
and tropeolin 00, give a color that is constant for several days. 
Nevertheless it is not advisable to prepare reference solutions 
treated with indicator in advance, because almost all indicators 
change their color on standing (especially in sunlight). The 
color of the alkaline solutions of many indicators is unstable. 
Phenol and thymol phthaleins are gradually transformed into 
colorless carbonic acids. The red-brown color of the very acid- 
sensitive nitramin disappears when the strongly alkaline solution 
is allowed to stand. 

A disadvantage of the Clark and Lubs sulphone phthaleins 
with their brilliant transition colors is that some of them show 
marked dichromatism in their transition range, especially brom 
phenol blue and brom cresol purple. An improvement results 
from the use of the new indicators, chlor phenol red and brom 
cresol blue, that Barnett Cohen developed. The details of this 
phenomenon have been extensively discussed in the third chap- 
ter (pages 73 ff). In general, indicators with a small interval 
give the best results in colorimetric determinations. The color 
changes for small changes of hydrogen-ion concentration are 
much sharper than when the interval is more extended. Although 
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a smaller number of indicators needs to be on hand for the 
measurement of any py if those of wider transition intervals 
are used, none the less it is better to use only indicators with 
small intervals. The total number of indicators that is necessary 
to carry out the determination of any py that may be in question 
is greater; but at the same time the accuracy of the individual 
determinations is higher. Litmus or azolitmin has a range of 
about 5-8, and neutral red and phenol red of 6.8-8.0. Both may 
thus be used for py-values between 6.8 and 8.0, but the change 
is much sharper in case of phenol red or neutral red. In general 
the accuracy of determination is about 0.1 py-unit. In very 
exact work, with comparison solutions that differ by 0.1 py-unit, 
and with suitable indicators, the value may be found to 0.05 py. 
Higher accuracy is scarcely to be attained since electrolytes, etc., 
present in the solutions influence the color. As may be seen 
from Fig. 11, Chapter III (page 57), the absolute color change of 
an indicator for small changes in hydrogen-ion concentration 
is greatest when py is approximately equal to pam. Hence in 
colorimetric determinations that indicator will give the most 
exact py-value whose pum is equal to the py of the solution, ie., 
the fy to be found must lie about in the middle of the transition 
interval of the indicator. If the py lies nearer the end of the 
interval the color is, in general, less sharply matched. This 
applies especially to the two-color indicators, since in one-color 
indicators we are not judging between the relative amounts of 
two forms, but the absolute amount of a single form. The maxi- 
mum accuracy in case of the sulphone phthaleins does not lie 
at px = pum, but at the beginning of the transition interval. 
According to J. T. Saunders (18) the following indicators give 
results of accuracy 0.01 to 0.02 fy in the py-range mentioned: 


pu Range 
Brom cresol purple... ....... 5.80-6.40 
Brom thymol blue.......... 6.40-7.20 
PE BeMOMTOU eo 615 Soe aa oe 7.10-7.90 
Orestes as tk. bets Ges ae 7.65-8 .45 
Liryitiol DUG, ni eo « Dyess 8.40-9. 20 


The reason for the displacement of the maximum sensitivity is 
that the alkaline color is more intense than the vellow acid form. 
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A small amount of the aikaline form is therefore very readily per- 
ceptible in presence of the acid. 

4. Measurements Without Buffer Mixtures.—L. J. Gillespie 
(19) proposed a simplification of the colorimetric procedure that 
avoids the use of buffer mixtures and uses simply two tubes of 
equal diameter in one of which a certain number of drops of pure 
acid form of the indicator are placed, in the other enough of the 
alkaline to bring the total up to ten drops of indicator. A series 
of comparison tints is established in this way. The material 
to be examined is treated with ten drops of the same indicator 
and compared with the two other tubes, one of which is placed 
behind the other. To obtain good optical comparison it is well 
to place a tube with the same volume of water behind that con- 
taining the solution under examination. The author deems it 
more convenient to use small cylinders or cells, that can be placed 
behind each other, instead of test-tubes. The principle of the 
procedure is very simple. Every transition tint between acid 
and alkaline color corresponds to a certain py. By changing the 
number of drops in the two tubes the total transition interval of 
the indicator may be run through. Thus, for methyl red, for 
example: 

1 drop alkaline and 9 drops acid correspond to py = 4.05 

5 drops alkaline and 5 drops acid correspond to py = 5.0 

9 drops alkaline and 1 drop acid correspond to py = 5.95. 

Later Gillespie (19) gave an extensive exposition of his 
procedure. According to his view one may tacitly use the follow- 
ing practical equation: 


pu = Pum + log “ drop ratio.” 
Gillespie using aqueous indicator solutions found the following 
values of Pum at the temperature given: 


Indicator — WB} TER |) AVE TR, 1] 185 CL IB, |) IE. GBR AR 12h, 
aie ni peracure sama 31° 30° 30° 29° 24° 24° 
Zant | a tet ee 4.06 4 4.96 | 6:26 |. 7.72 |) 8.08 | 8 g2 


Strength of Indicator 
solution, per cent....| 0.008 | 0.003 | 0.012 | 0.004 | 0.008 | 0.008 
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The following table may be used in the determination of py 
with various indicators: 


Py for Each Pair of Tubes 
Drop Ratio, Acid / Alkali 
BPs Mei oe Gabe a leben eyr wale Dee | debe 

Pee Detar ecctaiehtereriiers: Oakes 3h} 4205 So Oelon Oweon ia mle 7.85 
eed Site arate on Siew Sea. 3.3-| 4.25 Pedal OnGo | OnGon ince 8.05 

2 BS, ice EC One Ae Sid 4) ed: pole || eoYare) Tel diets) 8.2 

en Di See et sire aust Scie Boe | £06 a }-On7 ee The fh 8.4 

Ly CIR Re eS osha AE lh 3.9 | 4.8 621} 629 fin) Uaks) 8.6 

EY ewe Cpt aS Aes RS ae oat Gro Wevae Gal Saul 8.8 

ON EE Se St ees Ads ||| See Ge0n | 78 7.9 8.3 9.0 

SSI, AIO eee 4st a4 Ori 2.5 8.1 SHy6) OZ 

CN R-A0M ae oe ee AF | 326 SO (ea) 8.3 8.7 9.4 
oe Sid ee ec IC eee AS eho TIO 89) | 8s45: 1 °8e89 EY: 

Pan D MM PE ad ericg ol atasfos cass <ies-oy S20 | 3295) ] 7.2] 8705: | 8.65 9.05 ONS 
Per cent indicator solution. .| 0.008! 0.008] 0.012) 0.008} 0.004! 0.008 0.00 
Cc. 0.1 N NaOH per 0.1 g. 

TELOMCA LDF aoe. Gidvs Sree pues AS 2 | eer 2 Onl daese LOM 2 eo8 2.388 
Acid color established with oo 2% 

126) 7G ee ee 0.05 N|0.05 N|0.05 N|0.05 N|0.05 N| KH,PO,! KH, PO, 
Quantity of acid to establish 

acid color of 10 cc. of solu- 

ROME Geer oka Bie oa 1 ce. |1 drop}! drop|1 drop|1 drop/1 drop | 1 drop 


B. P. B. = brom phenolblue. M.R. = methylred. B.C. P. 
= brom cresol purple. B.T.B. = brom thymol blue. P.R. = 
phenol red. C.R. = cresol red. T.B. = thymol blue. 

Gillespie used tubes 1.5 X 15 cm. for the determinations. 
The two tubes containing the total of 10 drops of indicator are 
always placed one behind the other. In one tube the indicator 
has its full acid, in the other its full alkaline color. 

Equal volumes of liquid are added to all of the tubes, Le., 
5-6 cc. Ten drops of indicator solution are added to the solu- 
tion to be tested, and the tubes are placed in the so-called 
comparator (cf. Fig. 19). . 

W. D. Hatfield (19) gives a slight modification of Gillespie’s 
method. Instead of producing the standard colors with strong 
acids and bases as Gillespie does, Hatfield recommends the use 
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of weak acids or bases. The colored solutions thus obtained 
may be kept for a much longer time,—most of them from 4 to 8 
weeks, Mixtures that contain methyl red deteriorate rapidly, 
however. Hatfield recommends: 

1 : N acetic acid for brom phenol blue and methy] red. 

2 : 7.0 g. KH2POsz per liter to develop the acid colors of brom 
cresol purple, brom thymol blue, phenol red, cresol red, and 
thymol blue (yellow color). 

3:18 g. Na2HPO412H20 per liter for the alkaline colors of 
brom phenol blue, methyl red, brom cresol purple, and brom 
thymol blue. 

4:1.0 g. Na2COs per liter for the alkaline color of brom 
cresol purple, brom thymol blue, phenol red, cresol red, and 
thymol blue. 

In another communication Gillespie (19) describes a simple 
colorimeter that may be used in the determination. Although 
the basis upon which it operates is simple, it seems to the author 
of little practical use. 

A and C are fixed. B moves along a graduated scale which is 

read by a pointer on B. The 


4 | pointer may move over 100 scale 
divisions. The acidified indica- 

B tor solution of suitable strength 

E may be placed in B, the alkaline 

© solution of equal strength in C. 

Fic, 19.—Gillespie’s colorimeter. The solution to be examined, if 


colored or turbid, is received 
in the small tube A. In this case an amount of water equal to 
that of the solution is placed in D. 

The solution to be examined is placed in E, and enough indi- 
cator to make the concentration the same as in B and C. B is 
then moved until the colors are matched, and the scale reading 
then gives the ratio of the acid to the alkaline color. 

Ernest van Alvine (20) uses the same principle as Gillespie, 
but employs a different colorimeter. He also gives a curve 


with ratio acid to alkaline form (or A 2 ) as ordinate, while 
aan: CX, 
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the abscissa-axis gives the corresponding py for the various 
indicators. If Pym is known these values may be calculated 
directly: 


Pu = Pum + log = . 
1—a 


The procedure of Michaelis using one-color indicators that 
is later to be described also rests on this principle. 

The curve of van Alvine is given here (Fig. 20) because it 
enables us to read off the py for various indicators without 
further calculation. 

EXAMPLE.— ree = 38.7; then: 

Py using thymol blue is 2.9 (Change in acid solution) 
Py using thymol blue is 8.8 (Change in alkaline solution) 
Py using brom phenol blue is 3.9 

Py using methyl red is S73 

Py using brom cresol purple is 6.1 

The author notes here that neither Gillespie nor van Alvine 

have given a direct proof that the equation: 

a 

1—a 

which only holds for monobasic indicators, may also be used for 
the dibasic phenol sulphone phthaleins. Recently Kolthoff (21) 
has shown that the equation is also valid in these cases. 

Bjerrum has used the principle of the procedure in the deter- 
mination of the dissociation constants of indicators. The author 
(39) has also used it in determining the hydrogen exponent 
of drinking water using neutral red as indicator. Two wedges 
that could be tightly closed were selected; they were cemented 
together with Canada balsam. One wedge was filled with a 
0.5 : 100,000 solution of neutral red in 0.1 N acetic acid, and 
the other with a 1 : 100,000 solution of the indicator in approx- 
imately 0.1 N ammonia with 50 per cent glycerine which is added 
to prevent the flocking out of the indicator. On one side of this 
simple apparatus are placed a scale, and a screen that makes it 
possible to view small, sharply defined segments of the liquid at 
a time. The liquid to be tested is put into a cylinder with 
plane walls or a cell, and treated with enough indicator to give 


pu = Pum -- log 
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a depth of color equal to that in the double wedge apparatus. 
The colors are matched against a white background. 

The screen is moved until the color in the cylinder matches 
that in the field of vision of the wedge apparatus. If the scale 


i| salar 

cc 
tk ish epee ree 
ob ds | 

oes i ES a) 


Fic. 20.—1. Thymol blue; 2. Brom phenol blue; 3. Methyl red; 4. Propyl red; 
5. Brom cresol purple; 6. Brom thymol blue; 7. Phenol red; 8. Cresol red; 9. 
Thymol blue; 10. Cresol phthalein. 


has been previously calibrated with buffer solutions of known 
hydrogen exponent, the py-value may be read off directly. This 
device is readily applicable to the determination of the py in the 
field in water investigations, since few other pieces of apparatus 
need to be used. It needs no long discussion to show that the 
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instrument may easily be used to advantage with other indi- 
cators, as methyl red, methyl orange, etc., for the rapid examina- 
tion of physiological liquids, as urine, etc. The phthaleins can 
not be used because their alkaline solutions are unstable. 

An improvement of the double-wedge method has been 
described by Kolthoff (21). Instead of standardizing the appa- 
ratus for one indicator it is so constructed that the ratio between 
the acid and alkaline form of an indicator may be read off. By 
using the equation: | 
) [HIn] 

[{in-} 

where K is the indicator constant, [HIn] the concentration of the 
acid form, [In~] that of the basic form, [H+] may be derived, 
or, 


LEAK 


= [In-] 
pu = px + log (HIn] 


It is necessary to know the value of px for the calculation. The 
following table contains the values determined by the author (21) 
using the double wedge, and also values determined by other 
investigators. 


INDICATOR EXPONENTS FOR USE IN THE COLORIMETRIC DETERMINATION 
OF ~, WITHOUT BUFFER MIXTURES 


bx According to 
Indicator | 

Kolthoff | Clark and | Gillespie |Holmesand 

(211), 15> || Lubs (21) (21) Snyder (21) 
Thymol blue (acid range)........| 1625 eel 10 170 | 52 
Bromiphenol blues j2s2.2..+++-- 4.00 4.10 4.10 
IMethylorange:¢ sic se or ne =: 3.70 
Tet hiy bre deg. pec sey sr2(5 suckers sieve 4.05 
Bromveresol Bie 4%. 5 << fais. 6 -ots2.2 SLO ie lod ee rer teh agll este ete | 4.68 
Bron cresol purple. 5... 5... .--- 6.07 6.8 6.3 
Brom thymol blue; -.. 2: - ser 7.08 7.0 dealt 
ehenoliredis erect alee oc aioe fe 7.85 7.92 Mod 
Gresolired epee ceseeee cd oie 2. Sel 8.3 8.1 


INGA 29 ocean ce ek 6.85 
Thymol blue (alkaline range). . . | 8.96 8.92 8.80 
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L. Michaelis, A. Gyemant and R. Kriiger (22) have developed 
a procedure for finding the hydrogen exponent with one-color 
indicators without the use of buffer mixtures. The basis is very 
simple. If we again consider an acidic indicator HIn that yields 
the colored anion In~, we know that: 


Fal Ng oe 
[H | [In-] Kui. 
The In-ions determine the depth of color, C, of the solution. 
If the latter is known, we have [HIn] = (1 — C), when a known 
quantity of indicator is added to the liquid. The derivation of 
pu is made with the aid of the following equations: 


Pu = Pum + 4, 


Po OS ee 


On page 204 of their communication these investigators give a 
table that shows the dependence of ¢ upon intensity of color, C. 


Tue FuNcTION ¢ OF Cotor INTENSITY, C (FRomM MICHAELIS AND 
GYEMANT (22)) 


(C o C rr) G o 
0.002 —2.69 0.06 —1.20 0.35 —0.25 
0.004 —2.40 0.08 —1.06 0.40 —0.18 
0.006 —2.22 0.10 —0.95 0.50 0.00 
0.008 —2.07 0.10 | —0.95 0.50 0.00 
0.010 —2.00 0.14 | —0.79 0.60 0.20 
0.01 —2.00 0.18 —0.65 0.70 0.38 
0.015 —1.80 0.20 —0.59 0.80 | 0.60 
0.025 —1.60 0.25 —0.47 0.85 0.75 
0.04 —1.38 


The following indicators were used (see third chapter, pages 
Gltande/5\ = 

(a) B-Dinitro-phenol 1, 2, 6; saturated aqueous solution. From 
the author’s experience it seems better to use a 0.1 per cent solu- 
tion in dilute alcohol (cf. Chapter III). Best range of use py 
1.7-4.4 according to Michaelis; py 2.4~4 according to the author, 

(b) a-Dinitro-phenol 1, 2,4; saturated aqueous solution. The - 
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author uses a 0.1 per cent dilute-alcoholic solution. Best range 
pu 2.0 to 4.7 (Michaelis); 2.6 to 4.4 (Kolthoff). 

(c) y-Dinitro-phenol 1, 2,5; saturated aqueous solution. Kolt- 
hoff uses 0.1 solution in dilute alcohol. His experience shows 
pu 4.0-S.8 to be best in practice. 

(d) p-Nitro-phenol: The author uses a 0.3 per cent aqueous 
solution. Michaelis found the py-range 4.7 to 7.9 to be best. 
The author found range 5.6-7.6 best. 

(e) m-Nitro-phenol: The author uses 0.3 per cent aqueous 
solution, and recommends its use for py-range 6.6-8.6, while 
Michaelis finds 6.3 to 9.0. 

(f) Phenol phthalein: Michaelis uses an 0.04 per cent solution 
in 30 per cent alcohol; the author a 0.1 solution in 50 per cent 
alcohol. Region of best application, py 8.5-10.5 (Michaelis) ; 
pu 8.2-10.0 (Kolthoff). 

(g) m-Nitro-benzene-azo-salicylic Acid (Salicyl yellow): The 
author uses two solutions; a 0.1 per cent solution in alcohol 
between fx 10 and 11; a 0.025 per cent solution in 25 per cent 
alcohol between py 11 and 12. 

The following considerations, about amount of indicator to 
be used, apply to the concentrations given by Michaelis and 
Gyemant. 

A measured amount of the solution under examination, for 
example, 5 or 10 cc., is treated with enough of a suitable indicator . 
solution, measured with a pipette, to give a very pale coloration. 
The amount of indicator solution may if necessary amount to 
1 cc., but it is better in general to use only 0.5 or 0.1 cc. The 
amount used must be measured exactly. 

An indicator that is adapted to the circumstances must be 
selected; when 0.2 to 1 cc. is used the color must be plainly 
visible but not too intense. 

The author uses not more than 0.1 to 0.2 cc. of his solutions 
per 10 cc, of liquid. 

In a second tube is placed from 4 to 9 cc. of about 0.01 N 
sodium hydroxide. For the indicators a-, 6-, and y-dinitro- 
phenol conductivity water may be used equally well according 
to the author’s experience. Enough of the same indicator is 
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now added to develop a color approximately equal to that in the 
first tube. As a rule a suitably diluted portion of the indicator 
stock-solution is used,—about a ten- or twenty-fold dilution; 
this is added from a burette graduated to 0.01 cc. divisions. 
It is then brought up to the same volume as that in the first 
tube (using 0.01 N alkali or water). The ratio between the 
amounts of indicator in the colored alkali and the solution under 
examination is equal to the color intensity, C (cf. table, page 160). 

According to Michaelis the determination may be made 
much more simply by prepared series of indicator solutions that 
are stable for several months. The differences in py from tube 
to tube amount to 0.2 py. From the equation: 

C 
Pu = Pum + log PaaS 
it may be calculated simply for every indicator and every 
desired py how much of the fully alkaline form of the indicator 
must be placed in a comparison tube if a constant amount of 
indicator is always added to the solutions to be tested. The 
color comparison may be made advantageously in a comparator 
(Hurwitz, Meyer, and Ostenberg, cf. also page 169). 

It should be observed that according to W. Windisch, W. 
Dietrich, and P. Kolbach (23), and the author’s experience also, 
_the alkaline comparison solutions are not stable. Therefore 
Windisch (loc. cit.) has suggested the use of potassium chromate, 
bichromate, or solutions of the two salts for comparison pur- 
poses. 

The author (24) attempted to get along with two comparison 
solutions for the various indicators, using a chromate solution for 
a-dinitro-phenol and p-nitro-phenol, and a bichromate solution 
for y-dinitro-phenol, m-nitro-phenol, and salicyl yellow. The 
details are given (vida infra). 

The original direction of Michaelis is still the best, namely 
to prepare fresh indicator comparison solutions for the measure- 
ments. Naturally fui, must be known for the calculation of 
pu from ¢. 

The value of pum, depends upon the salt content (see salt 
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error, page 179), and the temperature (page 182). The author 
used results of Michaelis and his co-workers to derive the values of 
Pum at a salt content of about 0.05 to 0.1 N at a temperature of 
about 15°; these are given together with temperature coefficients 
valid between 10° and 25°. The values derived by measure- 
ment (24) with buffer mixtures prepared according to Clark’s 
directions, are also given. 


Pum OF THE MICHAELIS INDICATORS AT 15° AND 0.05 N Satt CONCENTRATION 


) : : Temperature 

Indicator PHIn oe above ACOROINE . Coefficient, 

to Michaelis Kolthoff : ; 

Michaelis 
B-Dinitro-phenol....;.-....:....- 3.62 3.58 0.006 (15—?°) 
e-Dinitro-phenol.............. 4.03 3.95 0.006 (15—?°) 
y-Dinitro-phenol........ sSaGr Satz Sas 0.004 (15—?°) 
P-Nitro-phenol. oc... in eas esse 7.22 7.03 0.011 (15—#°) 
m-Nitro-phenol................ 8.30 8.30 0.008 (15—#°) 


Comparison with chromate or bichromate solutions which are 
stable for a year, 

Flat-bottom tubes of colorless glass are used; aspirin tubes, 
for example, are very suitable. After filling with chromate or 
bichromate solution they are corked and numbered, and kept ina 
wooden box with blackened interior and small holes to hold the 
tubes. The base is white, either white-glass plate or paper. 
The color intensity of the solutions is judged by looking down 
toward the white background. In the determination of py the 
unknown solution is placed in a tube similar to that used for the 
reference solutions. 

Ten cc. of the liquid are pipetted into the tube and the amount 
of indicator given in the table is added. The number of cubic 
centimeters of 0.1 per cent potassium chromate (Kahlbaum) or 
0.1 per cent bichromate, that is placed in the comparison tube, 
is given in the table. It is then diluted to 10 cc. 

The py can not be calculated simply from the color intensity, 
C, of phenol phthalein or salicyl yellow. Michaelis and Gye- 
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mant therefore give an empirical table for each of these indi- 
cators. The author (25) had previously determined the values, 
and found no exact agreement with the values of the afore- 
mentioned investigators. He was able to prove in other ways 
that his values were correct. 


TABLE FOR 15° 


Cox0 Nes CrOan, acicieieeieirs 0.3 | 0.45) 0.7 | 1.1 Lub FS eZ Ss Ss See A 
That correspond to a py........-.. 2.95) 3.18] 3.35) 3.55) 3.75) 3.95] 4.15] 4.35] 4.60 
With adinitro-phenol (0.2 cc. 
0.1% per 10 cc.). 
Corresponding to py of............. (5.62)| 5.70) 5.78) 5.93; 6.1 | 6.24) 6.45) 6.8 , 7.05) 7.15 
With p-nitro-phenol as indicator 
(0.2 cc. 0.3% solution per 10 cc.). | 
(Oiheosindicator per [Ole di. son. Soll mccsteesicallincatelt ata Meee FNS 2-35) foo 
Temperature correction for a@-dinitro-phenol 0.006 (¢— 15). 
Temperature correction for p-nitro-phenol 0.011 (15—2), 
c 
CCSomON Gs Ke CreO gee ree recites erect 0). 23|| 0.35) 0.55} 0.72) 1.1 |} 1255] 1.8} 2:2 | 3.0 
Corresponding to pr Of.....+5.+....0ne >. | 3.95) 4.05) 4.25) 4.45) 4.65 85| 5.05) 5.25| 5.45 
With y-dinitro-phenol (0.2 cc. of 0.1% 
per 10 cc.). j 
Corresponding to py of................5- LeOB Tc 2 Vedic D Mo Lcia 229 Ol oS Olek 
Using m-nitro-phenol (0.4 cc. of 0.3% per \ 
10 ce.). 
Corresponding tops Of qoem se see eite tabi le ate aril eterercdi nies tone (9.8) |10.20)10.46,10.6 |10.84)11.28 
Using salicyl yellow (0.2 cc. of 0.05% 
indicator per 10 cc.). } 
0.2 cc. of 0.025% indicator per 10 cc. pq.. |.....|..--. 10.2 |10.4 |10.8 
Temperature coefficient for y-dinitro-phenol 0.004 (t— 15). 
Temperature coefficient for m-dinitro-phenol 0.008 (¢— 15), 
Temperature coefficient for salicyl yellow 0.013 (¢— 15), 
TABLE FOR PHENOL PHTHALEIN AT 18° (MICHAELIS) 
C pu C pu Cc pu 
0.01 8.45 OPAL 9.20 0.65 10.0 
0.030 8.60 0.34 9.40 0.75 10.2 
0.069 8.80 0.45 9.60 | 0.845 10.4 
0.120 9.00 0.55 9.80 0.873 10.5 
| 
| 
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VaLuEs Founp sy Ko rnorr (25) 


Cc Pu C bu C Pu 
——__} —___ .! Jee 
0.0076 8.2 | 0.079 8.8 0.39 9.4 
0.019 8.4 | 0.16 9.0 0.54 9.6 
0.039 8.6 | 0.25 OF 2 0.7 9.8 
{ 
! 


Temperature correction: 0.0110 (¢— 18°), according to 
Michaelis and Gyemant. 


The following values hold for salicyl yellow at 20°. 


TABLE FOR SALICYL YELLOW AT 20° (MICHAELIS) 


Cc Pu | Cc Pu Cc pu 
0.13 10.00 0.36 10.80 0.75 11.60 
0.16 10.20 | 0.46 11.00 0.83 11.80 
0.22 10.40 0.56 11220 0.88 | 12.00 
0.29 10.60 0.66 11.40 | 

| | 


The author had worked out a similar procedure before the 
appearance of the work of Michaelis and Gyemant, and had 
extended it to the two-color indicators. As is known, every 
transition tint of one of the latter indicators corresponds to 
a definite py. If solutions are at hand that have the same shade 
as the indicator in its transition range, py may be determined 
easily with the aid of these solutions. Since most organic col- 
ored compounds are sensitive to light, mixtures of colored inor- 
ganic salts must be taken to preserve color comparison stand- 
ards. Mixtures of ferric chloride and cobalt nitrate or chloride 
are very useful for neutral red, methyl orange, tropeolin 00, 
and the alkaline transition color of methyl red. Suitable 
solutions are: 11.262 g. FeCl36H2O in 250 cc. of 1 per cent 
hydrochloric acid, or 18.2 g. crystalline cobalt nitrate in 250 cc. 
1 per cent hydrochloric acid. 

When neutral red, methyl red, and methyl orange are used 
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0.2 cc. of 0.05 per cent indicator solution is added to 10 cc. of 
liquid; for tropeolin 00 0.2 cc. of 0.1 per cent solution. 

TaBLE AccoRDING TO KOLTHOFF (25) 


Ferric Chloride (Fe) = Cobalt nitrate (Co) = mixtures whose color corresponds 


to the py given. 


pu 
Ratio Fe : Co 
Neutral Red | Methyl Red | Methyl Orange | Tropeolin 00 

0) Rete 2-19 Aya(O5' 1.98 
Or 6.98 es ane 

Od Vee ay 8) Sees 2513 
0.5 7.24 5.50 Sh fl Da 79 
OR 79 TSH Seow See 2.29 
1.0 7.60 5.62 4.00 QS 
1-8) 7.80 5.70 4.19 2.41 
BAW 793 Sus 4.30 2.46 
3.0 5.81 4.50 2202 


For comparison of color of methyl red in solutions of py 
smaller than 5.2 we may use mixtures of 0.004 N potassium per- 
manganate and 0.01 N potassium bichromate in 0.4 N sulphuric 
acid. These comparison solutions are unstable, however. 

For the determination of py in very small volumes of liquid 
by means of indicator papers see Chapter VII, page 226. 

Recently W. R. Brode (26) made an excellent study of the use 
of a simple form of spectrophotometer for the determination of py 
without the use of buffer mixtures. As a matter of fact the 
experimental error with the spectrophotometric method is 
actually smaller than that in the usual visual method. W. C. 
Holmes (26) recommends the method and gives, in his prelim- 
inary paper, some details of the use of 1 naphthol 2 sodium sul- 
phonate as an indicator (W. M. Clark, 1923). More recently 
F. Vles (26) has advised measurement at two different wave- 
lengths to eliminate the error due to difference in concentrations 
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of indicator in the unknown and reference liquids. The ratio of 
the absorption coefficient at the two wave-lengths is: ; 


(kici + k2c2) 
(R’1¢1 + k’2c2) 


where c and cz are the concentrations of the acid or alkaline form 
of the indicator; k is the absorption coefficient. By applying 
the mass law expression we have: 

ki — k's 


k'2 —- ko" 


[Ht = 


This equation holds for cresol red and brom thymol blue, but 
not for crystal violet and methyl red. (This fact may be easily 
explained.) 

5. Colored Solutions.—If the liquid under examination is 
colored the reference solution must be colored to about the same 
shade by a suitable indicator. Naturally only indicators that 
are not partly changed at the expected py may be used. If the 
liquid is, for example, yellowish brown with a py = 7, methyl 
orange may be used without hesitation to bring the reference 
solution to the same shade. Sérensen (2) has given a list of the 
most frequently used dyes: 


(a) Bismarck brown 0.2 g. per liter of water. 

(6) Helianthin 0.1 g. in 800 cc. of alcohol and 200 cc. of 
water; may be replaced by methy] orange 0.1 g. per liter of water. 

(c) Tropeolin 0 0.2 g. per liter of water. 

(d) Tropeolin 00 0.2 g. per liter of water. 

(e) Curcumin 0.2 g. in 600 cc. 93 per cent alcohol and 400 cc. 
of water. 

(f) Methyl violet 0.2 g. in a liter of water. 


The following have proven to be quite useful: 


(g) Methylene blue 0.1 g. per liter of water, and 
(hk) Safranine 0.1 g. per liter of water. 


If the solution to be tested is turbid the comparison solution 
may be brought to the same turbidity, according to Sorensen, by 
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a suspension of barium sulphate freshly prepared by treating a 
small amount of 0.1 N barium chloride with an equivalent 
amount of potassium sulphate. A suspension of talc of kaolin 
will serve equally well if the material has been boiled with acid 
and washed with water, shaking frequently, until the washings no 
longer react acid to methy] red. 

Henderson (27) dilutes strongly colored solutions until the 
color no longer interferes. Although the hydrogen-ion concen- 
tration of buffer mixtures is only slightly dependent on the total 
electrolyte concentration, the degree of dissociation is affected 
by great dilution. The procedure may therefore be recom- 
mended only when the desired accuracy is not too high. 

Obviously colorimetric determinations of py in colored or 
turbid solutions are not very sharp. It is advantageous to 
use indicators in such determinations that are of different color 
from that of the solution. Thus, for example, phenol phthalein 
should be used with yellow solutions and not p-nitro phenol. 

In many instances the artifice of extracting the colored mate- 
rial with ether, etc., may be used. The amount of the substance 
that can be extracted depends upon the partition coefficient and 
also upon the hydrogen-ion concentration, so that the color 
intensity of the ether layer may be compared with that of an ether 
extract prepared in an analogous way from the reference solution. 
Eosin iodide is a well-adapted indicator because its colored form 
is readily soluble in ether. Further investigation is needed to 
show whether it is possible to establish a complete series of indi- 
cators so that any py may be measured with sufficient accuracy 
by this procedure. It is obvious that the transition range of the 

indicator will be changed by the addition of the extraction agent. 

Walpole (28) has devised a very excellent instrument for 
colored or, very turbid solutions, that is explained in Fig. 21. 
Cf. also the apparatus of W. Biehler (29). 

A BC D are short glass cylinders with pane bottoms that 
stand in cases of black paper over a brightly illuminated back- 
ground. A contains 10 cc. of the solution to be tested, with added 
indicator. C contains 10 cc. of water. D contains 10 cc. of the 
solution to be tested, without the indicator. Finally B contains 
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10 cc. of the comparison solution, with indicator, The intrinsic 
color of the solution is thus canceled. Fig. 22 gives the arrange- 
ment of Clark and Lubs (5), and may be understood without 


further explanation. 
ai pty — 
FI 


ey 22. 


ie ea 


dd 
edad 


6. Sources of Error in Colorimetric Determinations.—(a) 
Solutions of very weak acids or bases, or small amounts of strong 
electrolytes. Friedenthal (30), Salm (31), and Sérensen (2) 
state that a solution must be tested for the presence of sufficient 
electrolytes before it is examined colorimetrically. According 
to them, the acid or basic character of the indicator plays a réle 
in unbuffered solutions, and therefore affects the py-value. 
They state that the py of pure water or solutions of salts of strong 
acids or bases can not be determined in this way. The author 
does not agree entirely with this viewpoint. The deviation 
depends upon the indicator that is used. Assuming that in the 
examination of pure water an acid indicator, HIn, of dissociation 
constant 10~8 is used, we have: 


HIn@ H+ + In-, 
and if we take the following equation into account: 
Ho Hs + OHS 
we obtain the relation: 


[In-] = [H+] — [OH], 
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since the liquid is electrically neutral. Then it follows from the 
expression for the dissociation constant of an acid that: 


PAE aD 


= Kum, 
[HIn| sa 


or 
[H+]? = Kym X [HIn] + Ky,o. 


The concentration of indicator usually amounts to 5-10 drops 
of 0.1 per cent solution corresponding to a concentration of 
HIn = about 10-6 molar. Upon introducing this value in the 
above equation, we find: 


[H 4]? 910-9 x 107° 4104 2x 100s 
[H+] = 1.4-X 1077, 


I 


In this unfavorable case the value of [H+] is 1.4 times greater than 
that of water. The neutral indicators are usually ampholytes 
of dissociation constant smaller than 10-*. Thus the deviation 
is much smaller than the figure given. 

The case is very different when phenol phthalein is added 
to a very dilute alkali solution or much methyl orange is added 
to a very dilute solution of a strong acid because these indicators 
bind a relatively large amount of the [OH~] or [H+]. The colori- 
metrically determined color does not agree with the hydrogen- 
ion concentration originally present; the value found is too small. 

The following example shows very clearly that we may make 
a large error if we neglect the acid properties of phenol phthalein 
in dealing with very dilute alkali solutions. 

For the sake of simplicity we shall assume that phenol phtha- 
lein acts as a monobasic acid of dissociation constant 10-9. 
What will be the magnitude of the hydroxyl-ion concentration 
when 0.1 cc. 1 per cent phenol phthalein solution is added to 
10 cc. of 0.0001 N sodium hydroxide? The indicator concen- 
tration, 100 mg. per liter, corresponds to approximately 3 x 10-4 
molar concentration. 

The indicator acid reacts with the alkali as follows: 


HIn + OH- = In- + H.0. 
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It is therefore evident that the sum of the concentrations 
OH~ and In~ is equal to the total concentration of alkali at the 
start, or, 


[OH-] + [In-] = 10-4. 


Since the total concentration of the indicator acid is 3 X 10-4, 
the concentration of the undissociated part, HIn is: 


[HIn] = 3 xX 10+ — [In-] = 3 x 10+ — 10— + [OH-] 
2x 10-4 + [OH-]. 


I 


Hence, 
K, = 10-9 = Mtn _ _ Kup (10 — [OH-) 
ay [HIn] [OH-] (2 x 10-4 + [OH-))’ 


Upon solving this equation we find [OH~-] = 5 xX 10-6, 
while the original solution at the start had [OH-] = 10~+. The 
error is therefore very large. 

Concerning the so-called “acid error” of m-nitro-phenol 
the reader is referred to the work of L. Michaelis and A. Kriiger 
(22) and of Kolthoff (24). 

F. W. Marsh (32) fears that indicator solutions may become 
alkaline upon storage in glass bottles for long periods. He 
gives directions for correcting for such error. The author has 
never found an error due to this cause, even in cases where the 
buffer capacity of the solution was very small. 

7. Effect of Neutral Salts.—It follows from the investiga- 
tions of Sérensen (2), Sérensen and Palitzsch (33), Bohdan von 
Szyskowski (34), and Kolthoff (35), that neutral salts may 
affect the color of an indicator, that of the acid indicators being 
shifted toward the alkaline side, and that of the basic indicators 
toward the acid side. Various theories have been advanced to 
explain the salt error, but none of them is adequate for the quan- 
titative interpretation of the behavior of every indicator. The 
theories will not therefore be discussed here. 

It should be borne in mind that neutral salts may also have 
an effect on the total acid or alkaline color of the indicator. Two 
different tendencies are operative to produce the salt error: 
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(1) The effect of the salt on the optical absorption by both 
forms of the indicator. 

(2) Influence of salt upon the equilibrium relations of the 
two forms of the indicator. 

The former effect is discussed in excellent papers by W. von 
Halben and L. Ebert (36). 

The following observations of Sérensen (2) are introduced 
to give some conception as to the magnitude of the error; he 
investigated three solutions of 0.1 N hydrochloric acid. A was 
free from salts, B contained 0.1 N KCl and C 0.3 N KCl. 


Pu in 
A B Cc 
(Calcula tedlraetnave vst eceie sales ane Moeroeu ht 2.02 2.04 2.06 
Blectrometricums tree tec ok eee oie ices arene e230 2.01 2.05 
Colorimetric with methyl violet............. DAD? 2.04 1.91 
Colomnmetnc withemauvellemei ema eet 22 2.04 1.91 
Colorimetric with methyl green............. 2.28 2.05 1.89 
Colorimetric with methyl yellow extra....... 1.99 2.04 2.04 


Sorensen and Palitzsch made comparative experiments by 
the calorimetric and electrometric methods in the determina- 
tion of py in sea water. They found that the following correc- 
tions of the colorimetric values are necessary: 


(a) p-Nitro-phenol: Reference solution,—phosphate mixture. 


35 per cent salt —0.12 
20 per cent salt —0.08 


(b) Neutral red: Phosphate mixture as reference solution. 


35 per cent salt +0.10 
20 per cent salt +0.05 


(c) a-Naphthol phthalein: Reference solution: phosphate 
mixture. 
35 per cent salt —0.16 
20 per cent salt =O, 11 
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(d) Phenol phthalein: Reference solution: borax mixture. 


35 per cent salt —0.21 
20 per cent salt —0.16 


The numbers are the necessary corrections. If, for example, 
the Py of a solution containing 35 per cent of salt has been found 
to be 8.4, using phenol phthalein, the true value is 8.19, From 
the author’s experiments it appears that the salt error is propor- 
tional to the concentration of salt. In general the error is 
negligible when the salt concentration is less than 0.2 N. It is 
only in case of very alkali-sensitive indicators like methyl violet, 
mauvein, methyl green, and certain sulphone phthaleins, that the 
correction must always be applied. 

S. P. L. Sérensen and S. Palitzsch (37) later determined the 
salt error at very small salt contents. The correction in this 
case may be either positive or negative. In judging the results, 
consideration must be given to the fact that probable salt errors are 
applicable in connection with the Sdrensen buffer mixtures that were 
used in deriving the data, 

It was found that the salt error of neutral red was insignifi- 
cant at salt concentrations smaller than 20 per cent, but this is 
not true for a-naphthol phthalein and phenol phthalein. The 
author has derived the following values from the graph of their 
results. 


Correction for 
Salt 
Concentration, 
dee Cent a-naphthol phthalein ea 
0 +0.22 +0.22 
2 +0.10 (phosphate buffer) 0.00 
+0.04 (borax buffer) 
4 +0.06 (phosphate buffer) —0.04 
—0.02 (borax buffer) 
10 —0.03 (phosphate buffer) —0.10 
—0.09 (borax buffer) 
20 —0.17 (phosphate buffer) —0.16 
—0.10 (borax buffer) 
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McClendon (38) determined the salt errors in mixtures of 
boric acid and borax with a total salt concentration of at most 
0.6 N, for the indicators o-cresol sulphone phthalein and a-naph- 
thol phthalein. When the salt concentration has risen to 0.5 N 
the value found must be corrected to the extent of —0.05; when 
the salt concentration is 0.6 N the correction is —0.10. 

The author (39) found a large error at small salt concentra- 
tions in case phenol phthalein is used. On the contrary Bright- 
man, Beachem, and Acree (40) observed that the color depended 
but little on the salt concentration if it was less than 0.05 N. 
Wells (41) studied the effect of salt on cresol phthalein; from 
his work it appears that the error may be considerable. The 
salt error of cresol red has been studied by Ramage and Miller 
(42). Their data agree quite well with those of Wells. 


SALT ERROR OF CRESOL RED (RAMAGE AND MILLER) 


Salinity in Parts 
per 1000 Salt Error 
5.0 =—-() aby 
10.0 == (116 
15.0 — (22 
2oR0) =) 2S 


The author wishes to call attention to the fact that these 
values refer to ordinary buffer mixtures that contain 0.06 to 
0.1 N salt. If this concentration is expressed as potassium 
chloride it corresponds to 7.4 parts per 1000. The salt error 
should be zero at this value since buffer mixtures are always used 
in the determination of py. This is not the case according to 
Ramage and Miller’s data, and therefore the author uses his own 
values. . 

According to J. T. Saunders (43) phenol red, thymol blue, 
brom thymol blue, and brom cresol purple have the same salt 
error when the salt concentration is below 0.1 N. When ordinary 
buffer mixtures are used in the comparison the salt error at 
C.6 N concentration is: 
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Sat Error (AccorDING TO SAUNDERS) 


Indicator Salt Concentration 


Brom cresol purple 


Brom thymol blue 
Phenol red 


She aiticin Severe are AIS 4 0.6N 
Bertani Mors he ire 0.6N 
Sia Aiphe An! cn ge ane Rg 0.6N 
BO RCL ae tee 0.6N 
= eRe AO hee eee 0.6N 
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Salt Error 


AAS) 
Ong 
(elo 
—(OF18 
—= (On LS 


These values are in good agreement with those of the author. 
The salt error of cresol red may be derived from the curve given 


in Fig, 23. 


Lag of Mormelty 


irene os 


The author’s experiments showed that in contrast with cresol 
red, the salt error of brom cresol phthalein is negligibly small. 
For thymol phthalein the error between py 8.0 and 9.8 is just 
as large as for phenol phthalein, while between pp 1.2 and 2.8 it 


is very small. 
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On the contrary the salt error of tetra-brom phenol sulphone 
phthalein is very large at small salt concentrations. Very dilute 
precisely prepared hydrochloric acid solutions were compared 
with biphthalate-hydrochloric acid mixtures. 0.0004 N acid 
(pu = 3.4) had the same color with the indicator as a buffer 
mixture whose py was 3.0-3.1; this corresponds to a hydrogen- 
ion concentration of about 0.001 N. If enough sodium chloride 
was added to bring the salt concentration to 0.05 N, the correct 
value 3.4 was found. When the salt concentration was 0,2 N 
the color corresponded to py = 3.6, and in presence of 0.5 N 
salt to a py of 3.8. 

With acetic acid, results similar to those with hydrochloric 
were obtained. In using tetra-brom phenol sulphone phthalein 
one should be very careful to have the same concentration of 
salt in both reference and unknown solutions. 

As may be seen from the next table, the salt errors of congo 
red, azolitmin, and tropeolin 0 are so large that these indicators 
should not be used in colorimetric determinations. In an exhaus- 
tive investigation the author has determined the salt errors of 
various hitherto unstudied instances. It should be noted that in 
study of the indicators between brom cresol purple and nitramin 
the pu-values of the buffer solutions containing salt were deter- 
mined with the hydrogen electrode. On the contrary, freshly 
prepared solutions of hydrochloric acid and salt were used for 
those between tropeolin 00 and brom cresol purple; the hydrogen 
exponent of the solutions was calculated, using the rule that the 
degree of dissociation of hydrochloric acid in salt mixtures is the 
same as that corresponding with the total electrolyte concen- 
tration. The salt errors of nitramin and tropeolin 0 were derived 
in the same way, using dilute sodium hydroxide. 

It should be noted that Zoller and Harper (47) found that 
phthalate buffers give a violet precipitate with methyl violet 
between py 2.2 and 3.0. Proteins behave in the same 
manner. 

Attention is called to the fact that phenol, for example, has 
a characteristic action on various indicators like methyl violet 
and methyl yellow. 
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Sart Errors or Inpicators (Korrsorr (44)) 


indicator 


Not suitable for inves- 


: Salt Salt Correc- 
Indicator Added Concen- | tion in Remarks 
tration Pu 
PEF ONCOM OO, france hee oalconik KCl 0.1 N | —0.05 | Very satisfactory indicator. 
Tropealim OO jens. ccnaec<cdceewn KCl | 0.25N | —0.01 | NaCl has the same effect as KCl. 
prropedhin. 00. te. Sou amtccwtek at KCl 0.5N | +0.06 
rqneotin: 00ers < caiee is'+ tsa KCl 1 N | +0.23 
Thymol blue (at the intermediate| 
Stage, Pa 122-28). scsi os KCl 0.1 N | —0.06 | Very suitable indicator. 
Thymol blue (at the intermediate 
Stage. der Le2-28) cc kono vn KCl 0.2N | —0.06 | NaCl same as KCl. 
Thymol blue (at the intermediate 
stages Pah 2-2.8)% 62. cancel KCL 0.5N | —0.04 
Thymol blue (at the intermediate 
SARC Dee Dee a Olecae cae sccl Cl 1.0N | +0.05 
IMethob Orange cs s< << ccce ass 50 KCl 0.1 N | —0.08 | Very suitable indicator. 
IMetbyl OFAN ge’. i... usclosoneee ns KCl | 0.25 N | —0.08 | NaCl about the same as KCI. 
Mechel orange... . oe cece s accuse KCl 0.5N | +0.02 
Methyl orange... ...:.....0.55- KCl 1.0N | +0.23 
Methyl yellows « .../0as0 026s s0% KCl 0.1 N | —0.08 | Similar to methyl orange, but not 
satisfactory because 
rapidly separates at higher salt 
concentrations. 
Brom phenol blue.............. KCl 0.1N | —0.05 | Larger error at smaller salt concen- 
Brom phenol blue.............. KCl 0.25N |} —0.15 trations. 
Brom phenol blue.............. KCI | 0.5N | —0.35 tigation of very dilute solutions of 
Brom phenol blue.............. KCl 1.0N | —0.35 electrolytes. 
Brom phenol blue.............. NaCl | 0.1N | —0.15 
Brom phenol blue.............. NaCl 0.5N | —0.27 
Brom phenol blue.............. NaCl 1 N | —0.35 | Richter (1925). 
(EST CGE 7 |S, att Po ae gl 2 re NaCl 0O.IN 0.0 | Unsatisfactory for colorimetric de- 
GONAOECE. 2 fae spas ac tee ales NaCl 0.2N | —0.25 termination. 
Pongo red scat vcccc nan cseee cs NaCl | 0.5N | —0.55 
Bern Feels o5 cies crates wis ge pce NaCl 1.0N | —0.9 
Brom cresol purple............. NaCl 0.5N | —0.25 | Satisfactory indicator. 
Mrthyi 08. tsce. ice tirs aoe tes NaCl 0.5N | +0.1 Very suitable indicator. 
p-Nitro-phenol...............+- NaCl | 0.5N | —0.05 | Very suitable indicator. 
ZO HUIN 6 a a eo. 9 215 e's bo ie were NaCl | 0.5N | —0.55 | Unsatisfactory; large error at other 
salt concentrations. 
Phemth red 2 asec: . 6s vile, tees a NaCl | 0.5N | —0.15 | The sign of the correction changes 
at very slight salt concentrations. 
INGmtEa REC. iat decile veces esis NaCl 0.6N | +0.12 | Saunders (1925). 
METESOITER othe ae ead oes ole. ee Giese | NaCl 0.5N | —0.20 
Brilliant yellow.............-.-- | NaCl O.5N 0.0 | Suitable indicator. 
Phenol-phthalein............... NaCl | 0.5N | —0.17 | Suitable indicator. 
Thymol blue (in transition range. 
eu G acer ecceclc ieieiors | NaCl | 0.5N | —0.17 | Suitable indicator. 
INS ENR INMESD steps or nals = Sine 0 eta erelaye te hee Cl 0.1N | —0.06 | Suitable indicator. 
DEEN ETS ie oe eg lee ee nee at KCl | 0.25N | —0.10 | NaCl has about the same effect. 
INGE ERRE eee ore Sore oops ate = os KCl 0:5N | —0.10 
INS Gea eritHe etiye ete scerer= a= 2 ae 25 KCI 1.0N | —0.16 
ropeclint Ol tae citer. aster «| KCl 0.1N | +0.38 | Not satisfactory. 
PTOpEONM, Ohatye 22 .26s,2 ars/a cn eine ¢ KCl 0.25N | +0.44 
Propecia) Oot aceircas cece cst: so <2 KCl 0.5N | +0.53 
dbayece HANS ORs pomeoron Meiscc KCl 1 N | +0.62 


na one aE a ee ee ee a aie aan 
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The salt error of nitramin has been determined by the author 
(45) for different salts with the following results: 


SaLt Error OF NITRAMIN 


Concentration Salt 

palt Added of Salt Error 
KGIAS ae aeaeed 0.5 N —0.10 
KC] Se peers yc eee cat aae 1.0N —0.16 
KB rive eae tacate octets 0.5N —0.09 
KOBE Sen wear keane 1.0N —0.12 
KiBrO sak crate ee 0.5N —0.08 
KBrOse eect 1.0N —0.17 
IN EK © eatiengeaerud eee ete te 0.5N —0.07 
IN'a Clee aera 1.0N —0.08 
Sodium Acetate....... 0.5 N —0.09 
Sodium Acetate. ...... 1.0N —0.22 
IOVS... ccitn uertrerecro ete 0.5N —0.22 
KGS Oise sone eens 1.0N Fi O350) 
NEW OE As no bom bb Op chee OFSENI —0.13 
Na2SO,4 SiodewaNiaeds, os) orale) Fike 1.0N —0.27 
Rochelle salt.......... 0.5N —0.15 
Rochelle salt.......... 1.0N —0.19 
Trisodium Citrate... .. 0.5N —0.15 
Trisodium Citrate..... 1.0N —0.20 
IARI Gs 4 accesso oe 0.5 N (} molar)| —0.20 
Ky ken ON) cane eee 1.0 N (4 molar)| —0.34 


The salt error is usually considered to be important at high 
salt concentrations and it would be natural to assume that the 
error is negligible at very low salt concentrations. That this 
is not the case, however, has been shown by the facts of the 
behavior of brom phenol blue in dilute hydrochloric acid in the 
presence or absence of a trace of salt (cf. page 174). The author 
(46) has therefore conducted a special investigation of salt error 
of indicators at very low salt concentrations. Buffer mixtures 
were diluted to various electrolyte contents; the pq was deter- 
mined by means of the hydrogen electrode and also colorimet- 
rically by comparison with the Clark buffer mixtures. The salt 
errors are therefore related to the buffer mixtures. 
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SALT Error or Inpicators at Low ELECTROLYTE CONCENTRATIONS IN 
RELATION TO THE BUFFER MIxtTuRES OF CLARK (KOLTHOFF) 
Total : 

Electrolyte Thym. Ph. Napth. Ph. Cx Neut. | Brom 
tae San Bl. Pht. Bl. Red Red Red |Th. Blue 
0.001 N +0.25 | +0.25 | +0.18 | +0.35 | +0.17 | —0.09 +0.19 
0.005 N +0.19 | +0.19 | +0.14 | +0.28 | +0.15 | —0.04 +0.17 
0.01 N +0.13 | +0.14 | +0.10 | +0.22 | +0.12 0.00 | +0.15 
0.02 N +0.05 |} +0.06 ; +0.00 | +0.15 | +0.09 0.00 |} +0.12 

Oh Oar Nie tone cbirek eal moe a +0.09 | +0.07 0.00 

Chlor. {Brom Cr.|/Brom Cr.} Methyl Aiears Meth. Brom 

Ph. Red} Purple | Blue Red | “""°! Orange |Ph. Blue 
0.001 N +0.47 | +0.13 | +0.45 | +0.17 | +0.25 | —0.15 +0.25 
0.005 N +0.3 +0.10 | +0.24 | +0.10 | +0.18 | —0.07 +0.20 
0.01 N +0.21 | +0.09 | +0.16 | +0.06 | +0.12 | —0.06 | +0.17 
0.02 N +0.15 | +0.08 | +0.10 | +0.03 | +0.10 | —0.04 | +0.15 
0.03 N +0.09 | +0.07 | +0.07 0.00 | +0.06 | —0.02 


We see that a-naphthol blue, cresol red, neutral red, brom 
thymol blue, brom cresol purple, methyl red, and methyl orange 


have the smallest error at low electrolyte content. 


These indi- 


cators are therefore recommended for measurements in very 


dilute solutions of electrolytes. 
Michaelis and Gyemant (22) and Michaelis and Kriiger (22) 
give the following corrections for the indicators that they use. 


SattT Errors OF MICHAELIS’ INDICATORS 


: 0.5 N 0.15 N 0.1N 
Sapir Salt Salt Salt 

aD mitrO-PHenol. aes... 2 < +e 0) Ab (io) 
§-Dinitro-phenol...............-- —0.30 — (0.04 
~y-DInitro-phenol,..2..% => ails « =0..13, —0.07 
#-Nitro-phenol.-. .--. 2420+ - 25: —0.05 +0.00 
m-Nitro-phenol............+--- —0.16 =O —0.10 
Phenol phthalein...........-.-- (1,740) —0.08 


0.05 N 


Salt 


—(.095 
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8. The Effect of Proteins and Their Decomposition Products. 
—Here also it was Sorensen (2) who first showed that these sub- 
stances might render the colorimetric determination of pu 
difficult or impossible. The reason is that the proteins because 
of their amphoteric character may combine with both acidic and 
basic substances. Most azo-dyes and also congo red are entirely 
useless in this case. Methyl violet and related compounds are 
only slightly affected by the compounds in question. The 
phthaleins yield good results if only the decomposition products 
are present; when undecomposed proteins are present they may 
not be used. Only one indicator, p-nitro-phenol, gives good 
service in all cases. As Sérensen (2) has already emphasized, 
the protein effect seems to be smaller the simpler the constitu- 
tion of the indicator. 

A few examples introduced from the work of Sérensen (2) 
follow: a is an invertase solution containing as buffer mixture 
6 cc, of citrate and 4 cc. of sodium hydroxide. 60 is a slightly 
acidified glue solution (about 2 per cent), c dilute hydrochloric 
acid about 2 per cent solution of Witte peptone, and d a 2 per 
cent white of egg solution. 


pu in 
a b c d 

lecinome trl carmen ee eee 5.69 4.98 4.92 5.34 
Colorimetric, with sod. alizarine : 

Sulphonateae ase ere 5.85 5.97 Bris) 5.61 
Colorimetric with lacmoid....... So7e 
Colorimetric with p-nitro-phenol. . DF Six | cl) mucteysnttey ae Recree ee eaes 5.39 

| 


The protein error of methyl red is very small as Sven Palitzsch 
(48) has shown. This is evident from the following measure- 


ments on approx. 2 per cent natural egg-white in dilute hydro- 
chloric acid: 
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Pu pu A Electrometric- 
Electrometric Colorimetric colorimetric 
4.99 4.75 +0. 24 
5.16 4.90 0.26 
SWE yey 4 0.26 
5.60 5.39 Q.21 
5.68 5.41 0.27 
5.70 5.48 0.22 


The protein error of methyl] red is usually small in the follow- 
ing protein solutions: 


AF lectro- 
Pu pu metric 
Nature of Solution Electro- Colori- ; 
metric metric cen 
metric 
1 per cent casein in hydrochloric acid plus 
DUGGDUSEG Te oe er deo k Snow seeee ee: 5.66 5.58 +0.08 
Hydrochloric acid solution of hydrolyzed 
SETHIm plus PHOSphate.6/. kicks <. ce «cs ee arene 4.73 5.83 Silail 
Similar to above, with more HCl........... 3.96 4.75 —0.79 
2 per cent acidified (HCl) casein solution 
partially decomposed by pepsin.......... D207 5.48 +0.09 
2 per cent Witte peptone in hydrochloric acid 
DRUNOMDUIN GAGE ce ale gia sererls ate ami o-s sia 4.88 4.91 = (0),083 
Solution similar to the above.............. 4.83 4.83 +0.00 
2 per cent egg-white, partly decomposed by 
[a eI empae ey CEE Hts So AC Ole Ee 5.63 5.58 +0.05 
SHEE COMICON Mere vo iace orn, ua seca a oo PU 5.19 +0.08 
Similar solution further decompesed........ SLY 5.24 +0.03 
2 per cent gelatine solution+prim. phosphate. Sieh Bao +0.06 
DIMI aE SOMMOMU iosls as ce adios Hens ous S17 Sly 0.00 


By special experiments Sérensen showed that slow combina- 
tion between indicators and proteins takes place. For example, 
after 40 cc. of 0.5 per cent egg-white and 10 cc. N hydrochloric 
acid had been mixed the color of tropeolin 00 gradually changed 
from red to yellow. It was proved by measurements with the 
hydrogen electrode that the hydrogen-ion concentration had not 
changed during this time. From the author’s measurements 
with milk it was found that the protein error may be easily 
demonstrated as follows: If enough hydrochloric acid is added 
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to the milk to bring the py to about 2, drops of methyl yellow or 
orange that fall in are colored red for an instant. Upon mixing, 
the color becomes yellow. 

From the foregoing account it is evident that the colorimetric 
method for the determination of [H *] generally gives good results 
in the absence of proteins and large amounts of neutral salts. 

If the procedure is to be used in the investigation of solutions 
that contain substances whose effect on the color of the indicator 
has not been studied (e.g., colloids, many organic compounds), 
the results must be compared with those obtained electro- 
metrically. The measurement of hydrogen-ion concentration 
with the aid of the hydrogen electrode is to be regarded as the 
primary procedure. 

9. Temperature Effect.—The effect of temperature on the 
sensitivity of indicators has been extensively discussed in the third 
chapter (pages 85 ff). Hence we will include here only a table 
that gives the change in indicator exponents between 18 and 70°. 


CHANGE OF INDICATOR EXPONENT BETWEEN 18° AND 70° (KOLTHOFF) 


Change Expressed in Ratio of 
Indicator Dissociation 
Constant at 
at 70° to 
Pu Pou that at 18° 
INT RMNINS . con sconce duen oor —1.45 0.0 1 
iRhenolphthalein mene eeee —0.9 to —0.4 | —0.55 to —1.05| About 5 
Waypeo@h HNWE.. cocenooooenane —0.4 =—1.05 DES 
a-Napthol phthalein......... —0.4 05 25 
C@urcuminiye ee cme oe —0.4 —1.05 DES 
Iphenolered mewn re eieree —On3 =—1,15 2 
INGRGA IG ac oo acecandosae —0.7 =—0.75 
Bromseresolypurpleser eres 0.0 = il.45 1 
RNAI o's & ode Bone eee © 0.0 10.25) 1 
Methyiited err mmie sm ct ener —0.2 —1.25 
ILGNCANGH lose Alo eee as —0.4 11.08 29 
~-Nitro-phenol.............. =0).8 —0.95 J. 2) 
iMethylvoraneenan see —0).8) Sit Ss 14 
Nie thiylevellova irae ner re: —0.18 Sil Hy 15 
IBromsphenolublueaq ene e 0.0 S25 1 
iMagjeeoin WO. Sooocemssac — —0.45 = 10 
TOTO DWE, oc eaocaccaeoas 0.0 ee) 1 
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Michaelis and his collaborators have determined the indi- 
cator exponents, Pum, of the indicators that they used, at various 
temperatures. ‘Their results are collected in the following table: 


Puin OF THE MICHAELIS INDICATORS AT VARIOUS TEMPERATURES 


Tempera- | a-Dinitro- B-Dinitro- | y-Dinitro- p-Nitro- m-Nitro- 
ture phenol phenol phenol phenol phenol 
5? 4.13 3.76 2.21 7.00 8.43 
10° 4.11 3.74 5.18 liga 8.39 
1S 4.08 3.81 ei Te22 8.35 
20° 4.05 3.68 9.14 7.16 8.31 
30° 3.99 3.62 5.09 7.04 8.22 
40° 3.93 3.56 5.04 6.93 8.15 
50° 3.88 3.51 4.99 _ 6.81 8.07 


The temperature coefficient for phenol phthalein is 0.011 per 
degree, and the correction is subtracted at temperatures above 
18°. For salicyl yellow the coefficient is 0.013, and the correc- 
tion is subtracted at temperatures above 20°. 

10. The Alcohol Error.—The effect of alcohol on the sensi- 
tivity of various indicators has been discussed in the third chap- 
ter (page 92ff). The author has assembled the corrections, 
derived from experimental results, for the range 0 to 70 volume 
per cent of alcohol in the table that follows. The corrections 
apply at a temperature of 11-12°. Athough the temperature 
coefticient is quite large we may assume for alcohol contents up 
to 70 per cent that the values hold for temperatures between 
10 and 20°. Because of the difficulties in determining the sensi- 
tivity ratio for the acid-sensitive indicators, phenol phthalein, 
thymol blue and thymol phthalein, the values given for them 
are quite uncertain, 

The corrections are given in the same way as those for the 
salt error. A positive sign means that the correction given is 
to be added to the colorimetrically determined py to arrive at 
the correct py. If, for example, the correction for methyl orange 
in 50 per cent alcohol is —1.2, the 1.2 must be subtracted from 
the determined value to obtain the correct py. It should be 
noted that the neutral indicators that change between py 5 and 8 
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are not included in the table because we do not yet have buffer 
mixtures for the determination of the alcohol error. 


AtconoL Error or INDICATORS EXPRESSED IN py, AT 12° 


Alcohol Con- oa ea) ; ; : 

tent in Vol., | 4 © Ay PA ° I eae eel Wee =) g 

Per Cent) eh Galette lie ee ee 
10 0.00|—0. 06\0. 06/—0. 11;—0. 10) —0. 1|0. 06/0. 15) 0.1 |0.2 |—0.25 
20 0.02/—0. 23/0. 21/—0. 24/—0. 20) —0. 3/0. 10/0.3 | 0.3 |0.25|—0.6 
30 0.07|\—0.6 \0.35|—0.48)—0.47|—0.4| 0.1/0.5 | 0.6 | 0.3;—0.9 
40 0.15|—1.0 |0.38|—0.8 |—0.9 |—0.5]0.45/0.7 | 1.0 |0.5 |—1.05 
50 0.21;—1.4 |0.38/—1.1 |—1.2 |—0.6/1.0 |0.8 | 1.3 |0.65)/—1.1 
60 0.25/—-1.7 |0.77|—1.4 |—1.5 |—0.5]1.6 |0.9 | 1.6 0.8 |—1.15 
70 0.30\—1.9 [1.0 —1.7 |—1.8 |—0.5|2.2 |1.0 | 1.9 |0.9 |—1.25 


T. B. = thymol blue; Tr. 00 = tropeolin 00; B. P. B. = brom phenol blue; 
M. Y. = methyl yellow; M. O. = methyl orange; Curc. = curcumin; Phph. = 
phenol phthalein; Thph = thymol phthalein; Tr. 0 = tropeolin 0; Nitr. = 
nitramin. 

L. Michaelis and M. Mizutani (51) have extended the method 
of Michaelis and Gyemant, using nitro-indicators (cf. page 160), 
to alcoholic solutions. Liquids of well-known py were lacking 
for the determination of the dissociation of the nitro-indicators 
in alcoholic solution. They measured the py of such solutions 
against aqueous solutions of known py, using the electrometric 
method; they assumed that the alcoholic solution had the same 
pu as the aqueous when the potential difference between hydrogen 
electrodes in the two solutions was zero. Hence they have used 
the assumption that the constant of the hydrogen electrode is 
the same in alcoholic as in aqueous solution, which probably 
does not hold exactly. 

If the py of the alcoholic solution is known the changed indi- 
cator constant is found by the equation: 

, C 
K’ = ay Lore 

dy being the hydrogen-ion activity; C the color intensity. It 
is assumed that the ratio of the activities of indicator anion and 
undissociated acid remains unchanged under the different 
conditions. 
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Practical Directions for Measurement of py in Alcoholic Solu- 
ttons.—The directions are broadly similar to those for aqueous 
solutions, with the difference that the alkaline reference solutions 
must have the same alcohol content as the solution under exam- 
ination. The alkalinity necessary to develop the maximum color 
intensity is furnished by 0.01 N sodium hydroxide for alcohol 
percentages 0 to 70 and by 0.1 N alkali at higher alcohol content. 

The calculation of py is made in the same manner as for 
aqueous solutions, using the fx corresponding to the alcohol 
concentration. A special table is used for phenol phthalein. 

The absolute accuracy of the method although not high is 
sufficient for approximate determinations. 


TABLE OF $x FOR NITRO-INDICATORS AT DIFFERENT ALCOHOL CONTENT 
(MicHAELIS AND MIzuTANI) 


Px at Alcohol Content Expressed in Volume 
Per Cent of 


0% |10%|20%|39% |40%|50%|60%|70%| 80% | 90% 


m-Nitro-phenol........... 8.37|8.56|8.75'8.97|9. 15/9. 40/9.64/9.92}10.24)10.73 


p-Nitro-phenol............ 7.15|7.17}7.28]7 38/7 .63)7.85/8.11/8.34| 8.59] 8.90 
y-Dinitro-phenol.......... 5.15}5.20/5.23)/5.39|5.45|5.58/5.70/5.95| 6.08] 9.40 
a-Dinitro-phenol.......... 4.00/4.00)4.00)4.00)4.00)/4.15 


TABLE GIVING RELATION ‘BETWEEN C AND fq FOR PHENOL PHATHALEIN 


px at an Alcohol Content, Expressed in Volume Per Cent of 


(: 

0% | 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90% | 95% 
0.01 $5) BEF} F9-O} 922) 095) 9-8] 10.2) 10.6) 1078) 47. 1h-41,3 
0.02 $6 18.8 § 9.0. 9.3) 9.7/0.0). 10.4) 10-7) 11.0) 1112) 11,8 
0.04 8.8 | 8.9} 9.2] 9.5] 9.9] 10.2) 10.6] 10.9) 11.2] 11.4] 11.7 
0.06 8.9 | 9.0 | ~9.4| 9.7] 10.0) 10,3) 10.7 24-0] 11.3) 11.6 11.8 
0.08: 8.98, 9.1 | 9.5] 9.8] 10.1] 10.4] 10.8] 11.1] 11.4] 11.7] 11.9 
0.1 @ 4) 9.2 | -9.6). 9.8) 10.2) 10.5) 10.9) 11-20 14:5) 44.8) .12.0 
0.2 9.22} 9.4] 9.8] 10.1] 10.5] 10.8] 11.1] 11.5] 11.9] 12.1] 12.3 
0.3 §.33/°9.6 | 9.9] 10.2] 10.6] 10.9] 11.3) 11.7) 12.1) 12.3] 12.4 
0.4 9.541 9.7 | 10.1| 10.4] 10.8] 11.1] 11.4] 11.8] 12.2] 12.4) 12.6 
0.5 9.70| 9.9 | 10.2} 10.5] 10.9] 11.2] 11.5] 12.0] 12.4] 12.6] 12.7 
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CHAPTER VI 


PRACTICAL APPLICATIONS OF THE COLORIMETRIC 
DETERMINATION HYDROGEN-ION CONCENTRATION 


1. Water.—(a) Distilled Water —(1) Distilled water is free 
from salts; if it were chemically pure [H+] would be equal 
to 8 X 10-8 at 18° ([H+] = VKy,0). The reaction is always 
acid because of the presence of traces of carbon dioxide taken up 
from the atmosphere. Normal air contains about 0.3 per cent 
of carbon dioxide by volume; the partition ratio of carbon dioxide 
between gas phase and solution is about 1:1. Hence, water 
that has taken up carbon dioxide from the air until equilibrium 
is established, will also contain 0.3 per cent by volume, or about 
0.0000135 mol. COz concentration. Since the dissociation con- 
stant of carbonic acid is 3 X 10-7, the solution has a [H+] of: 


TEL elses Vs198 5810 O53 A On ieee 
pu = 5.70. 


As a matter of fact it is found that the py of distilled water 
is usually about 5.7. The reaction of the water can not be 
determined with an ordinary methyl red solution (0.2 per cent in 
alcohol). As a result of a thorough investigation (unpublished) 
the author has arrived at the conclusion that such an indicator 
gives a strongly acid reaction (py about 5) to absolutely neutral 
water. The reason is that methy] red is itself an acid with a dis- 
sociation constant of 9 X 10~-5(15°). Hence 0.05 cc. of 0.2 
per cent methyl red solution gives a py value of 4.7 to 5 cc. of 
neutral water. For many years the author determined the reac- 
tion of water with methyl red and of course always found it to be 
acid. To get good results, a neutralized methyl red solution 
must be used. 143 mg. of methyl red of high purity is dissolved 
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in 20 cc. of strong alcohol, 5 cc. of 0.1 N sodium hydroxide are 
added, and the volume is brought up to 100 cc. with water; 1 to 2 
drops of indicator are added to 10 cc. of water. A py of 5.9 to 
6.0 was found repeatedly for water in equilibrium with air, The 
calculated value is py 5.7; since the sodium salt of methyl red 
is used, a part of the indicator acid, HIn, is liberated with simul- 
taneous transformation of carbonic acid to bicarbonate: 


In- + H2CO3 @ HIn + HCO;-. 


The error that results is of no practical significance. 

Neutral water, free from carbonic acid, has an alkaline 
reaction to the sodium salt of methyl red (py = 6.2). Such 
water may be obtained by boiling a high grade of distilled water 
(conductivity water) for one minute. It is not necessary to boil 
until less than two-thirds remain as L. E. Dawson (2) suggests. 
In the author’s opinion it is dangerous to boil for so long a 
period (acids from flame; alkali from glass). After boiling, the 
vessel is closed with a one-hole stopper carrying a soda-lime tube. 

Neutral water is very sensitive to traces of carbon dioxide 
from the air. Upon shaking for one minute with air the py 
becomes as low as 6.0. Neutralized brom thymol blue solution 
(made by Clark’s directions) is most suitable for measuring the 
reaction of neutral water. The free indicator acid may not be 
used. 

Dawson claims to have prepared water of py 7.0. The 
author never succeeded in obtaining such water; the values 
were always 6.6. to 6.7. It should be noted that in order to be 
sure that the indicator really gives the true fy of the water 
special precautions must be taken as to the purity of the indicator 
and the preparation of its sodium salt. Dawson’s finding of a 
pu value of 7 may have been accidental. In any case it is 
necessary that neutral water should give a greenish color with 
neutralized brom thymol blue solution. The green color disap- 
pears if the solution is shaken for one minute in contact with air, 
the liquid remaining yellow. This last experiment gives a simple 
proof of the presence of alkaline impurities. 
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To summarize: The sodium salt of methyl red is needed for 
testing ordinary distilled water. If the py value found with this 
indicator is smaller than py 5.7 the water is too acid, too much 
carbonic acid usually being present. Such excess may usually 
be removed by passing pure air through. If the py value is still 
smaller than py = 5.7 the water has been contaminated by acids 
from the air. Neutral water is alkaline to the sodium salt of methyl 
red, and gives a green color with neutralized brom thymol blue 
solution, 

It is evident, therefore, that the [H+] of distilled water 
may vary considerably. In contact with pure air the py will 
not be lower than 5.7. Ordinary distilled water is not pure 
enough for many purposes, e.g., for conductivity determina- 
tions. Water free from carbonic acid must be used; its con- 
ductivity should not be higher than about 1 X 10-® at 18°. 
Such water is obtained by distilling water of higher conduc- 
tivity over baryta (and if ammonia is present, the water is treated 
with Nessler’s reagent). The water vapor is condensed in a metal 
condenser and carefully preserved. Such water should give 
the reaction mentioned in the preceding paragraph when tested 
with methyl red or brom thymol blue (neutralized solutions). 
Chemically pure water has been prepared only once, viz., by 
Kohlrausch and Heydweiller (3). 

(b) Drinking Water.—The buffer system carbonic acid- 
bicarbonate is present in most drinking water. There are also 
varieties of water that give a plain alkaline reaction with phenol 
phthalein as they contain the system bicarbonate-carbonate. 
In this instance exact knowledge of the hydrogen-ion concentra- 
tion has little significance. The case is different when free car- 
bonic acid and bicarbonate are present. Various properties of 
water that are of practical importance are determined by the 
hydrogen-ion concentration and the absolute amount of car- 
bonate and bicarbonate. For instance the action on lead pipes 
depends on these factors; also removal of iron, clarification 
of water, and removal of silicic acid (4). As soon as the 
hydrogen-ion concentration is known a preliminary decision 
with reference to the outstanding properties of the water may be 
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given, but only with certainty when the absolute amounts of 
carbonic acid and bicarbonate are known. The ability of water 
to attack calcium carbonate depends not only upon the hydrogen- 
ion concentration, but also upon the bicarbonate and calcium 
content. The table of Tillmans (5) that gives the hydrogen 
exponents, belonging to given bicarbonate concentrations, 
at which the water just fails to have corrosive action, may only 
be used when the number of equivalents of calcium equals that 
of the bicarbonate (cf. Kolthoff (5)). Aside from its value in 
judging water, knowledge of the hydrogen exponent is of great 
importance in analysis. 

As has been repeatedly shown by various investigators, the 
determination of free carbonic acid, and especially of small 
amounts in the presence of bicarbonate, only yields good results 
when you use a constant amount of phenol phthalein, wait a 
sufficient length of time to see that the color is permanent, take 
care that no carbon dioxide escapes, and correct the value 
obtained in the titration for bicarbonate and calcium content. 
Furthermore, the carbonic acid content of the water is very apt to 
change whether by volatilization or by addition of alkali from 
the glass, so that it seems desirable to make the carbonic acid 
determination immediately upon taking the specimen from 
the well. In view of the well-known difficulties that are incum- 
bent upon the carbonic acid titration, it is advantageous that 
it may be replaced by the simple determination of py. 

From known bicarbonate and hydrogen-ion concentrations 
it may be deduced that 


[H*] 
Ki 


Sneos |) 


[C02] '— 3x 10-7 


x [HCO3 =|, 

By [CO2] we mean the total amount of carbonic acid, ), 
which is really COz + H2CO3. Only a small portion of the 
carbon dioxide forms carbonic acid. The equation may only 
be used when the carbonic acid concentration is not less than 
zy of the bicarbonate concentration. If the carbonic acid con- 
centration is small in comparison with the bicarbonate concentra- 
tion the hydrolysis of the bicarbonate plays a réle too important 


192 APPLICATIONS OF COLORIMETRIC DETERMINATION 


to neglect. The total amount of carbonic acid is then greater 
than the free carbonic acid, b, that we determine by titration. 
Conversely, the total amount of bicarbonate is smaller than the 
quantity, a, that is found by titration. The author (5) has 
derived the values: 


[COs| =2b + a X19 1052, 
[HCO3~] = 0.988a. 


If these corrections are applied, almost the exact absolute 
amounts of [CO2] and [HCO3~] that are present are found. The 
ordinary equation may then be used in the calculation: 


Conversely, if these correction equations are taken into 
account it is possible to calculate the amount of carbonic acid 
knowing the values of [H+] and [HCO3~]. These corrections are 
practically independent of the absolution amounts of CO2 and 
HCO3~ and depend only on their ratio. 

It is evident from the following table that large differences 
between the values for [H+] are found, when very small amounts 
of carbonic acid are present with relatively large amounts of 
bicarbonate, depending on whether the simple or exact equation 
is used in the calculation. 


Ratio Carbonic acid) [H+] Calc. by [H+] Calc. by 
Bicarbonate | Exact Equation | Simple Equation 


199 6.6X10~° 3.0X10~° 
Pes) 3 OM fee LOIS COme UNO 
4: 100 157 10m Zeal Ome 
5 : 100 18.9X1079 1S Ome 
10 : 100 35 Ome SOG) Ome 


According to Wolman and Hannan (5) the hydrogen-ion 
concentration of water that is in equilibrium with the partial 
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pressure P of carbon dioxide and with calcite may be calculated 
by the equation: 


[H+] = KVP[Cat4]. 


K is a constant whose values depends upon the temperature. 

J. T. Saunders (6) uses the formula of Prideaux to calculate 
the composition of mixtures of bicarbonate, carbonate, and car- 
bonic acid from the experimentally determined py: 


Ko ae Kw(Ky ++ [H +) 

[H+] [H+]KiC 
Ke [H +} 

me Ten, 


ow SY 
R = 


Ky = 3,04 ~1077; Ko =6.0 X10"; Ky = 0.7 x 10; 
C = total concentration in equivalents per liter; 

_ equivalents of alkali 

ee moles COz 


When the water contains no free carbonic acid, i.e., when 
we have a mixture of carbonate and bicarbonate, the knowledge of 
the hydrogen exponent is without practical significance. The 
[H+] may be calculated if the concentration of carbonate and 
bicarbonate are known. The equation is not as simple as in the 
case of carbonic acid—bicarbonate (cf. Auerbach (7)). Since the 
determination of small amounts of carbonate in the presence of 
bicarbonate is not easy to make, it is better to calculate the car- 
bonate concentration from the py and the bicarbonate concen- 
tration. 

As has been said, most drinking water contains free carbonic 
acid and bicarbonate. For various reasons the determination of 
the hydrogen-ion concentration with the hydrogen electrode is 
not to be recommended in this case. It is only possible to obtain 
correct results by very careful work. A small amount of carbon 
dioxide is removed from the solution to the gas layer of the elec- 
trode, and the solution is very poor in buffers so that it must be 
shaken a long time during the determination. Also the salt 
content of the solution is usually small so that the electrical 
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resistance is high, thus rendering the potentiometric determina- 
tion inaccurate. 

Therefore it is only possible to obtain good results in solution 
containing carbonic acid by very careful work as Glenn E, Cullen 
and A. B. Hastings (8) have shown. The potentiometrically 
determined values agree exactly with the colorimetric. 

The colorimetric procedure is therefore very well adapted to 
the determination of the py of drinking water. On the basis 
of various experiments the author has arrived at the conclusion 
that good results are obtained by the colorimetric and poor 
ones with the electrometric method. This fact is made clear 
in the following table. The experimental data are derived from 
the work of Massink (5). The calculated exponents were derived 
from the carbonic acid and bicarbonate content. As was to be 
expected the values determined by the hydrogen electrode are 
usually found to be too high because of loss of carbon dioxide. 


Pu Pu Pu | Pu Pu Pu 
Color.) Elect. | Calc. jj Color.} Elect. | Calc. 
IA\lmelOsenea et Tie | eae: 7eOSmPVleppelass eee 6.2 | 6.86 | 6.15 
Amsterdam W...| 7.7 | 7.5 7263 eNiyimegenhesees - Uf 7204. 7.15 
iApeldoorneya. 1 6.4 | 6.81- | 6.48 || Oldenzaal....... UGE Ipere sas 7302 
AGNES, vo nocaue EO || EOS OZ Oosterbeckss54- Ree ea NN tage, aes oes Tadd, 
ihe Boschinac.- Goomlinceeees 6.6 Rhenenee eae PEN CES: |) He 
iBOSKOODeee eerie di Gi). een Telsae lI cas oce fees ess oe A 7.42 
Bredatemance cae: TARO NG octohe cae 6.96 || Steenwijk......- GSO Le | hore 6.09 
Coevorden....... (Hates Route G84 ie sey geese, ces |e 7.9 Med 
Eindhoven....... TOY eee. Ue OOM Uitrechtaessseaee 7.6 AOU S 
Enschede........ TE SPR sce She Sue 7.19 || Valkenburg..... PPS STI ee va 7.66 
hhewdaruess ss es UO Wits OI MAINS Coase cto TO° Wink 7.05 
Heerlen Gas. TAD NSE |) ROSY | WERSNs oo aos on Tad he O(a ieA: 
iHieexleny Kena ae Tee SOE Nada oo Ven Lona (N/a ee aS 6.76 
Eloorn seer Retell Gesell Vigor yl a7h, aks || MAIS geal, 5 5 2 7.4 Lae || FS 
Leeuwarden...... 6.851) 7.08" | 626 Voorburgeeerene TAGS Wien 7.63 
iViaarsseniae ane ier Hos) | ees tl Hs Wageningen..... 6.9 oe 6.74 
IMaastrichtacm se Tei Oona ont oe bevieland aes idl UME \\ TS 


The hydrogen exponent of most drinking water lies between 
pu 7 and 8.0. Neutral red is the best indicator to use in the 
determination for various reasons. The transition interval is 
small, and the salt error is slight. Litmus, azolitmin, and rosolic 
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acid are not to be recommended. Phenol sulphone phthalein 
(phenol red) that also has a sharply defined transition interval 
is not suitable because of the rather large salt error at low con- 
centrations of electrolyte. If py lies between 6.8 and 6.2 brom 
cresol purple may be used. If py is less 6.2 methyl red is appro- 
priate. On the other hand, if py is between 8 and 9.5 phenol 
phthalein or thymol blue is satisfactory, and if py is even greater 
than 9.5 (which is seldom the case) thymol phthalein may be 
used. The reader is referred to the articles by Kolthoff (5) 
regarding other exceptional cases, 

L. Michaelis (9) uses m-nitro-phenol without buffer mixtures 
in the determination of the py of sea water (see page 160). Since 
the indicator has a quite large acid error (cf. page 169) in solution 
that are poor in buffering power, the use of a small amount of 
indicator is recommended. 

Michaelis gives the following directions: Use 25 cm. X 15 
mm. (inner diameter) tubes with plane bottom; 40 cc. of water 
gives a depth of 22-23 cm. Ina tube of this sort place 40 cc. of 
0.01-0.02 N sodium hydroxide and 0.30 cc. of 1 : 3000 solution 
of m-nitro-phenol. 40 cc. of the water under examination should 
about match the color shade of this tube. The color is very 
pale, but the eye is most sensitive for fine differences in color tint 
under these conditions. The observations are made by day- 
light with a white porcelain background. According to the 
author’s experience the accuracy of the procedure is not higher 
than 0.2 py for waters of py around 7. 

(c) Sea Water.—As Sorensen and Palitzsch, who have carried 
out extended investigations of sea water, remark, the determina- 
tion of the hydrogen exponent is best made in practice by the 
colorimetric method. The value for surface water lay between 
7.95 and 8.35; only one exception was found, the water from 
the Black Sea, for which the exponent was 7.26. The higher 
hydrogen-ion concentration is to be ascribed to the presence of 
hydrogen sulphide. The fy of water under the surface was 
usually between 8.07 and 8.09. W. E. Ringer (11) found the 
pu of water from the North Sea and Zuyder Zee to be between 
8.24 and 7.85. In connection with their investigations S. P. L. 
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Sédrensen and S. Palitzsch (10) determined the salt errors of the 
indicators used. 


Grams Salt per 1000 cc., Salt Error 
Buffer 
Indicator Mixture 
35 20 5 1 
DINK ERO AO NO, oe po bounces Phosphate; +0.12 | +0.08 
INetrtra led eeepc ieetetaatenete eee Phosphate} —0.10 | —0.05 
a-Naphthol phthalein......... Phosphate) =--0.16 | =--0.11 | —0.04 |) —O7135 
a-Naphthol phthalein......... Borate +0,22 | +0.17 | +0.03 | —0.07 
henolphthaleinene eet nn Borate -+-0.21 | -F0216 | +-0.05 | —0:03 


A positive sign means that the colorimetrically found values 
are too high. If, for example, a py of 8.51 were found for a 
solution that contained 3.5 per cent salt using phenol phthalein, 
the true value would be 8.3. 

With regard to the effect of the growth of algae on py of water 
the reader is referred to the work of R. Legendre (12), and V. 
Ulehla (12). 

(d) Mineral Waters.—Mineral waters may react acid because 
of excess of carbonic acid or alkaline by reason of presence of 
the carbonic acid—bicarbonate combination. The py seems to be 
important in connection with their medicinal action. J. Kénig 
(13) makes the following observations: ‘Recently the medical 
profession has laid much stress on the determination of the 
hydrogen-ion concentration of mineral water. Naturally it is 
not a question of the values determined by acidimetric or alkali- 
metric titration, but rather of the hydrogen-ion content. 

We are now at the entrance of a recently disclosed but extremely 
promising realm, and at first chemists need only rarely to con- 
duct exhaustive investigations.” 

The hydroxyl-ion concentration of alkaline mineral waters 
may be calculated from the bicarbonate and carbonate content, 
as has been done by Hintz and Greenhut (14) and Auerbach (15). 
Auerbach showed that the calculation according to Hintz and 
Greenhut was not entirely correct, and he gives improved equa- 
tions. Thus Auerbach found for water from Kainz spring at 
t= 8°: [OH-] = 4X 10-4; from the Antonian spring at 
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26.7° : [OH-] = 6.3 X 10-5; Sidonian spring at 9.5° : [OH-] = 
2.58 X 10~*. Michaelis (16) found electrometrically: 
Mihlbrunnen = py = 7.00 
Sprudel pu = 6.80 
Marktbrunnen py = 6.54 

Considering the high carbonic acid content of these waters, 
the colorimetric method should also give a very good determina- 
tion of the py. 

Sewage.—The hydrogen exponent is also of significance in the 
purification of sewage. Sewage is freed from sludge by filtra- 
tion; the speed of filtration depends not only on temperature 
but also on the py. Thus Wilson, Copeland, and Heisig (17) 
found that the speed of filtration of a sludge was greatest at a 
pu = 3. The speed falls off if the reaction is more or less acid. 

An interesting investigation by Olaf Arrhenius (18) has a 
bearing on the above findings; he studied the rate of settling of 
various clay suspensions at different pq values. The particles 
were peptized in strongly acid or alkaline solution and then settled 
slowly. They settled most rapidly at py = 4.7, corresponding 
te the isoelectric point. If more acid is added the speed dimin- 
ishes rapidly until py = 4.0 is reached; at stronger acid reaction 
the speed increases. When the py becomes greater than 4.7 the 
speed of settling again decreases to a marked extent, and between 
pu 7.5-9 he obtained a stable emulsion that only broke up at 
higher alkalinity. In the opinion of the author the presence 
of polyvalent cations has a greater effect here than the hydrogen- 
ion concentration. 

The hydrogen exponent plays an important réle in the puri- 
fication of turbid water with alum, as the investigation of W. D. 
Hatfield (19), for example, has shown. The best flocculation 
occurs between fy = 6.6 and 7.6, This result is in agreement 
with that of Eddy (19) who found a maximum in the flocculation 
at py = 7. 

2. Determination of the Dissociation Constants of Acids 
and Bases, and Testing of Acids for Acid or Basic Impurities.— 
(a) Monobasic Acids and the First Dissociation Constants of 
Polybasic Acids.—If the hydrogen-ion concentration of a solution 
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of known strength is determined, the dissociation constant may be 
calculated simply. The equation: 
H+? 
Kya = mae ay 
always applies; c is the total concentration of the acid. 

Salm (20) determined the constants of various acids by means 
of colorimetric determination of the hydrogen-ion concentration 
of solutions of known strength. Conversely, it is possible to 
identify an acid whose dissociation constant is known by measur- 
ing the [H+] of a solution of known strength. The author (21) 
calculated the [H+] of 0.1 N solutions of different acids, and also 
determined the value colorimetrically; the agreement was excel- 
lent. The various data are given for some acids that are of prac- 
tical importance, in the following table. For phosphoric acid 
a 0.1 N solution is considered the same as an 0.1 molar. It may 
be seen directly from the table in Chapter V, page 137, what 
buffer mixtures are to be used as reference solutions. Freshly 
prepared hydrochloric acid solutions may be made of fy values 
that agree with those of most of the acids that are to be examined. 


TABLE oF [H*] oF Vartous Acips 


| 
: . ,. _|Strength 
Nature of Acid Dieser coe of pu [H*] Indicator 
Constant : 
Solution 
INEGNOUS. cone oc 6 %X10~?°\Saturated|5.0 |1 %1075 Methyl red 
BOriCee res ccr 6.6 X10719) 0.1 N |4.84)1.45 1074 Methyl red 
Phosphoric. .... 1.1 X107? | 0.1 mol.|1.52/3.05X10~% Meth. violet or Trop. 00 
INCOUICH eats keer 1.86X10~ | 0.1 N |2.86]/1.4 1074 Trop. 00 or Thymol blue 
DUCCIIC ss ee 6.8 X10~> | 0.1 N /2.75}1.8 1074 Trop. 00 or Thymol blue 
Gitrichyetewe co 8.2 X10~4 | 0.1 N |2.31]4.9 1074 Trop. 00 or Thymol blue 
Hydrocyanic....|7.2 X107!°| 0.1 N |5.07/8.5 X10~4 Methyl red 
Macticuere ae ---{1.4 X10~4 | 0.1 N |2.43/3.7 1074 Trop. 00 or Thymol blue 
Rormal casera 2.05X10~4 | 0.1 N |2.33/4.6 1074 Trop. 00 or Thymol blue 
Oxalicas wees) 3.8 X107 | 0.1 N /1.56)2.75X1072 Meth. violet or Trop. 00 
TUEN Es a odts-0 9.7 X10~4 | 0.1 N |2.19}6.5 X1074 Thym. blue or Trop. 00 
IBENZOlCe Rane 6.52X10~ | 0.01 N |3.10/8 1074 Trop. 00 or Thym. blue 
Campnoricaey 2.29X1075 | 0.01 N |3.32/4.8 1074 Methyl orange 


Saccharin (o0-sul- 

pho benzamide)|2.5 1072 | 0. 2.13/7.5 X1074 Trop. 00 or Thym. blue 
Salicylic eam 1.061073 | 0.01 N |2.55]2.8 1074 Trop. 00 or Thym. blue 
Weronaleeeenaee 3.7 X10-8 | 0.01 N |4.7 |1.9 1075) Methyl red 


= 
Z 
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The colorimetric determination may also be used to test the 
purity of acids. It is best for this purpose not to use an 0.1 N 
solution, but a more concentrated one. It is not possible to 
detect small amounts of mineral acids or of alkalies in all acids 
with great sensitivity. The smaller the dissociation constant 
the greater the change in [H+] for a small addition of strong acid 
or alkali. It was found that even in unfavorable circumstances 
1 per cent of acid or alkali could be easily detected. A 0.2 molar 
solution of tartaric acid was made. Known amounts of hydro- 
chloric acid or alkali were added and the [H+] determined 
colorimetrically with tropeolin 00 as indicator (thymol blue may 
also be used). The [H+] was also calculated. 

It follows from the dissociation constant of tartaric acid that 
the [H+] of a 0.2 mol. solution is 1.4 X 10-?. On adding enough 
hydrochloric acid to correspond to 0.01 N hydrochloric acid the 
[H+] is not equal to 2.4 X 10-?, but is smaller because on addi- 
tion of the stronger acid the dissociation of the tartaric acid is 
repressed. If the concentration of the dissociated acid is called 
x, and if a is the concentration of mineral acid or alkali, it may be 
derived from the equation involving thedissociation constant that: 

(a+ x)x 
On 

From this quadratic equation we may calculate x and hence 

[H+]. Hence we find: 


= Ko = 9.7 * 10-*, 


Composition of Solution (H*] Found | [H*] Calc. 

POW mols tartarion ACh ie o.fe eectslGine s'epoetaiiss oe 1A SX 102s ele so al Ome 
Telakel plus 2 equivs per cent of HCl...5...... 2. of SIGH || Maes Salo8 
III. Like I plus 2 equiv. per cent of NaOH......... HOR SSO | ths Slo’ 
IV. Like I plus 4 equiv. per cent of NaOH......... OL) SOS |) 1O Sloes 


The smallest amount of acid or alkali added to an acid of 
smaller dissociation constant may be detected with still greater 
delicacy. 

(b) Very Weak Acids or Bases—The [H*] of concentrated 
solutions of weak acids is small; conversely the [OH~] in rela- 
tively concentrated solutions of weak bases is also small. If the 
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dissociation constant of such an acid or base is to be calculated 
from the colorimetrically determined [H+], traces of carbonic acid 
in the water, or traces of acidic or basic impurities in the sub- 
stances to be studied exert such a large influence on the [H+] that 
the value for the dissociation constant will be erroneous. It is 
therefore better to use another method in such cases. If alkali 
is added to the solution of a very weak acid of dissociation con- 
stant equal to or greater than 10~!° the system acts as a buffer 
mixture, like that of a stronger acid. In the present instance 
practically all of the acid is converted into salt by the alkali, in 
any event when the original mixture is not too unfavorable, i.e., 
ratio acid: salt equal to or less than 75; otherwise the hydrolysis 
of the salt must be considered in the calculation. If the acid 
under examination is half neutralized with alkali, 
Kya = [H+] X a. 

a is the degree of dissociation of the salt formed; this must be 
approximated in most cases. If only a tenth of the acid is neu- 
tralized, K = yyo[H*+]. 

The dissociation constants of very weak bases may be deter- 
mined in similar manner. It should be noted that the dissocia- 
tion constants of stronger acids and bases may be determined in 
the same way. 

The author (22) found the following values while testing the 
procedure: 


Substance Dissociation Constant 
BHCHOMR re cahoots. acto samt oieter ce: PMO 
(RESET RCT a Aidt tio AG eo SAP DOGO 4 Ki=3.0X107-; Ke=8.7X107-! 
VNDDDOVER 2: oils hid ae aaey coeeeican IRA eA Arne 1EO<@liOme" 
Semicarbazidesrrrcicc sacha ace BOS MORE. 
Glycocoll edesryactcts ciate reece nes Kg=1.2X107-; K,=2.3X1074 


The dissociation constantsof thealkaloidsthat weredetermined 
by the author will be found in Table ITI at the end of the volume. 
The dissociation constants of exceedingly weak acids like 
cane sugar, etc., may be determined colorimetrically by using 
concentrated solutions and taking the hydrolysis into account. 
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(c) Dissociation Constants of Polybasic Acids—The first 
dissociation constants may be determined in the same way as 
those of monobasic acids. The other constants must be derived 
in a different fashion. This may be done in two ways: one is 
by measurement of [H+] of mixtures of acid salt and the next 
salt (ie., for dibasic acids the acid salt and the normal salt); 
the other consists in determination of [H+] of the solution of 
the acid salt. The former is simpler. From the equation: 

HAS HS AM, 
it follows that 


Ke = [H+] 


[HA] 

The [H+] may be determined in the way described under (0) 
and the constant calculated. 

The constant may be calculated in about the same manner 
from the [H*] of the acid salt, according to Noyes (23). The 
constants may be derived as exactly and much more simply 
than those in the literature, in these two ways. The author 
found average values at 15° for the following acids: 


SECOND DISSOCIATION CONSTANTS OF POLYBASIC ACIDS. 


Oxalic acid Ke = 35-710 
Succinic acid Ko = "5.9 <x 10 
Tartaric acid Kove 8. x 1052 
Citric acid Ko =r 8 5 107% 
Citric acid Ke = 13% 10 
Malic acid Koi = 0 oo 10=° 
Malonic acid Ket= "3, OG10S" 
Maleic acid Ke = 8. x 107? 
Fumaric acid Ko = 5. 107% 
Aconitic acid Koi 
Adipic acid Kay=5, 107° 
Mucic acid Koran 64 x10 8° 
Phthalic acid Ke = 8, 107% 


Camphoric acid Kz = 2.5 X 10~® ' 
3. Hydrolysis Constants.—We have seen (Chapter I, pages 
14 ff) that the hydrolysis constant may be calculated simply, 
from the [H+] of a salt solution. Of the many methods that are 
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described in the literature (24) for the calculation of hydrolysis 
constants the colorimetric is perhaps the most suited. The inver- 
sion and hydrolysis methods must usually be carried out at ele- 
vated temperatures because of the small [H+] or [OH~] of the 
solution; the hydrolysis must be considerable if the electrical 
conductance method is to be applied. The hydrogen electrode 
is not applicable in many instances because of the presence of 
metals that stand below hydrogen in the potential series, and in 
case of many organic compounds because of reduction at the 
electrode; finally the partition method is of limited application. 
The colorimetric method may be used successfully in almost all 
cases except that of colored salts. It is often possible to place 
below the vessel containing the colored solution another cell 
(Fig. 21, page 169) containing a solution of color complementary 
to that of the upper solution. Thus the interfering color of 
cobalt salts may be removed by the use of a nickel salt in the 
‘lower vessel for [H+] measurement. The colorimetric method 
has been used in preference to others for organic compounds by 
Veley (24), Tizard (24), Barratt (24) for cinchona alkaloids; 
Denham (24) studied individual metal salts with the hydrogen 
electrode. 

4. Examination of Salts for Basic or Acidic Impurities —— 
Salts of strong acids and bases in aqueous solution react exactly 
neutral, i.e., they do not change the reaction of water. As we 
have seen under §1, the reaction of distilled water may vary 
considerably. Ordinarily it is only possible to use water sat- 
urated with air in the investigation of the salts, and it is then 
required that the salt shall not change the reaction that the 
water gives toward methyl red. This reaction is very sharp and 
excludes the presence of the slightest traces of acid or alkali, 
Practically it is better to require 10 cc. of 1 : 10 solution of the 
salt to react alkaline to phenol phthalein on addition of 1 drop 
of 0.1 N alkali, and acid toward methyl orange on addition of a 
drop of 0.1 N acid. Salts of weak acids react alkaline because of 
hydrolysis and those of weak bases with strong acids react acid. 
If the hydrolysis constant is known the [H+] of a solution of 
given concentration may be calculated. A colorimetric deter- 
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mination will prove whether the salt is entirely pure. These 
reactions should only be used in testing especially pure prepara- 
tions; in testing of salts such as those used by druggists it is 
better to establish limits for the amounts of acid or alkali per- 
missible. The following specifications may be established for 
commercial salts: 

Potassium Acetate—10 cc. of 1:10 solution treated with 
phenol phthalein gives the indicator a transition tint that is 
decolorized by 0.1 cc. of 0.1 N HCl. The presence of more than 
0.1 per cent of carbonate is thus excluded. 

Alkali Carbonate—A 1:5 (for potassium carbonate 0.5 : 5) 
solution treated while hot with 20 cc. 0.5 N barium chloride and 
3 drops of phenol phthalein should be colorless on cooling and 
should be colored permanently red by 0.1 cc. of 0.1 NaOH. An 
amount of one part in 2500 of free base or 1 in 1000 of bicarbonate 
may be detected in this way. If the barium carbonate is added 
at room temperature to the carbonate solution, pure carbonate 
reacts alkaline because a little barium bicarbonate is carried 
down with the carbonate (Sérensen, 1904). 

Alkali Bicarbonate (25).—The German pharmacopeia sets a 
limit on the amount of acid that shall be required to decolorize 
a bicarbonate solution to which phenol phthalein has been added. 
Since the color change is not sharp it is not possible to judge 
accurately whether the preparation contains carbonate. The 
examination may be made better by adding just as much phenol 
phthalein to the solution as would barely fail to color a pure bicar- 
bonate solution rose. If 0.2 cc. 1 per cent phenol phthalein is 
added to 50 cc. of pure 0.1 N bicarbonate in a Nessler cylinder 
the liquid is colorless, but becomes rose colored in presence of 
carbonate. The carbonate content may be derived from the 
intensity of the color. One per cent of carbonate may be thus 
detected in bicarbonate. 

Sodium Phosphate—A 1:10 solution treated with 3 g. of 
sodium chloride should react so feebly alkaline to phenol phthalein 
that the color is discharged on addition of 0.1 cc. of 0.1 N hydro- 
chloric acid. One part per 1000 of carbonate may be detected in 
this way. 


204 APPLICATIONS OF COLORIMETRIC DETERMINATION 


Sodium Phosphate—A 1:10 solution treated with 3 g. of 
sodium chloride should react so feebly alkaline to phenol phthal- 
ein that the color is discharged on addition of 0.1 cc. of 0.1 N 
hydrochloric acid. One part per 1000 of carbonate may be 
detected in this way. 

Sodium Arsenate.—Should satisfy the same requirements as 
sodium phosphate. | 

Sodium Pyrophosphate—A 1:20 solution saturated with 
sodium chloride should react so feebly alkaline to phenol phthal- 
ein that the color is discharged upon addition of 0.2 cc. 0.1 N 
HCl. This excludes the presence of 1 part per 1000 of carbonate. 

Sodium Potassium Tartrate—The 1 : 10 solution is colorless 
or so feebly alkaline toward phenol phthalein that the color is 
discharged upon addition of 0.1 cc. of 0.1 N HCL. 

Potassium Antimonyl Tartrate—The presence of potassium 
bitartrate may be very plainly shown with methyl orange or 
methyl yellow. A 1: 20 solution of a pure preparation has a 
pu of 4.1; upon addition of 1 per cent of bitartrate it becomes 3.4. 
Hence it is required that a 1: 20 solution of the preparation 
under test shall not react more acid than an 0.1 mol potassium 
biphthalate solution. The presence of more than 0.3 per cent 
potassium bitartrate is thus excluded. 

Sodium Salicylate.—The 1: 10 solution should react acid to 
phenol phthalein and should become alkaline upon addition of 
0.1 cc. of 0.1 N alkali. 

Sodium Glyceryl Phosphate.—The 1 : 20 solution reacts feebly 
alkaline to phenol phthalein and is decolorized by 0.1 cc. 0.1 N 
HCl. 
Sodium Phenol Sulphonate.—The 1 : 10 solution reacts alkaline 
to methyl yellow, and the solution becomes acid upon addition of 
Orteecs ONC 

Zinc Chloride.—1 : 10 solution alkaline to methyl yellow and 
becomes acid on adding 0.1 cc. 0.1 N HCl. 

Zinc Sulphate.—The presence of traces of acid must be avoided 
because the preparation is used in eye treatment. The 1 : 10 
solution must react alkaline to methyl orange. The solution will 
then contain less than 1 : 200,000 of sulphuric acid. 
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Zinc Phenol Sulphonate.—10 cc. of 1 : 10 solution should react 
alkaline to methyl yellow and become acid to the indicator on 
addition of 0.1 cc. of 0.1 N acid. 

Copper Sulphate.—The direct colorimetric determination of 
the reaction of the salt is difficult because of the blue color of the 
solution. Sodium thiosulphate may be used to convert the 
copper into the colorless cuprous ion. 20 cc. of N sodium 
thiosulphate are added to 10 cc. of the 1 : 10 solution, and the 
reaction toward methyl! yellow is observed. It should be alkaline. 
The presence of 1 : 2000 of free sulphuric acid is then ruled out. 

Ferrous Sulphate—The 1:10 solution reacts alkaline to 
methyl yellow. 

Ferric Chloride—The 1:10 solution upon treatment with 
10 mg. of copper sulphate and 6 cc. of N sodium thiosulphate 
should not separate out a brown turbidity on standing for three 
minutes, and should not require more than 0.2 cc. of 0.1 N alkali 
to turn methyl yellow. 

Aluminium Sulphate and Alum.—The 1 : 20 solution of these 
preparations must react alkaline to tropeolin 00. This excludes 
the presence of more than 1 : 1000 of sulphuric acid. 

The investigation of salts of weak acids and weak bases can 
not be made in the manner described because the solutions are 
more or less strongly hydrolyzed. It is best to treat the solutions 
with methyl red and determine the [H+]. As we have seen in 
the first chapter (page 16), we may calculate the [H+] of solu- 
tions of salts of weak acids and bases. A solution of pure ammo- 
nium acetate gives an entirely neutral reaction. If the py at 
room temperature deviates from 7.1 we may calculate from the 
[H+] how much free acid or ammonia the preparation contains. 
The same considerations apply to ammonium oxalate; the solu- 
tion of a pure preparation has a py of 6.88; of ammonium for- 
mate, 6.45; ammonium succinate, 7.3. Ammonium salicylate 
is easier to test. 50 cc. of the 1 : 50 solution should impart a 
transition tint to methyl red, and not more than 0.2 cc. 0.1 N 
alkali should be required to give the alkaline color. The testing 
of lead acetate for basic salt is more burdensome because such 
impurity only changes the reaction (Py = 6.0) of lead acetate 


206 APPLICATIONS OF COLORIMETRIC DETERMINATION 


slightly. The test must therefore be made differently: 10 cc. 
of 10 per cent sodium thiosulphate solution and then 15 cc. 0.5 
N barium nitrate and 5 drops of phenol phthalein are added to 
10 cc. of the 1: 20 solution. The solution obtained must not 
react alkaline, but must give a permanent red color with 0.2 cc. 
of 0.1 N alkali. 

5. Maximum Stability of Esters of Carboxylic Acids.—As is 
well known esters are saponified either in acid or alkaline solu- 
tion. Hence they must have a minimum saponification rate 
or maximum stability at some definite fy. Thus K. G. Karlson 
(26) found that methyl acetate has a maximum stability at pu 
4.70 at 88.5°, and ethyl acetate at py = 5.1. The reader is 
referred to work of H. v. Euler and Svanberg (26) concerning the 
theoretical significance of this point. 

6. Minimum Solubility of Ampholytes.—These compounds 
as we have seen in the second chapter (page 41) may behave 
either as acids or bases. If both the salt with the acidic and 
that with the basic portion are readily soluble and the ampholyte 
itself only slightly soluble, then naturally the dissociation of 
the ampholyte and also the solubility will be at a minimum at a 
definite hydrogen-ion concentration. The py that corresponds 
to this condition is called the isoelectric point. The position 
depends on the magnitudes of the dissociation constants of the 
acidic and basic groups. At the isoelectric point we have: 


Kua 


H+]rp, = 
[lu = 


Kee 


The position of the isoelectric point is of especially great 
significance in the study of amino acids and proteins (cf. L. 
Michaelis (27)), P. A. Levene and H. S. Simms (27) give a 
more complicated formula for [H+] at the isoelectric point. As to 
the question of the two isoelectric points of gelatine the reader 
is referred to the work of J. A. Wilson and E. J. Kern (27); 
H. P. Highley and J. H. Matthews (27). 

7. Minimum Solubility of Difficultly Soluble Electrolytes.— 
The dependence of minimum solubility on the hydrogen exponent 
is of great importance in analytical problems. With reference to 
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the discussion under (6) we see that ampholytes have a minimum 
solubility at the isoelectric point. If we wish to precipitate 
these compounds quantitatively we must use a py corresponding 
to the isoelectric point. Aluminium hydroxide falls out most 
completely between py 6 and 7. Hence W. Blum (28) adds 
methyl red as indicator and adds ammonia until the liquid is just 
alkaline to the indicator. 

As is generally known the solubility of salts of weak acids is 
largely dependent on the hydrogen-ion concentration. Hence 
it is easy to understand from the theoretical side that the solu- 
bility increases with increasing [H+]. If we call the difficultly 
soluble salt BA, it is ionized in solution into B+ and A-. If we 
now add hydrogen ions to the solution the following reaction 
occurs: 

Ase Hie HA, 
thus partially dissolving the salt. 

The amount of the salt that dissolves is quantitatively gov- 
erned by the concentration of the acid added, by the solubility 
product of BA, and by the dissociation constant of HA. 

Similar considerations apply to decomposition of salts by 
bases. 

We will not ge further into these analytically important 
questions here; the reader is referred to the literature (28). 

A communication of A. Jung (28) regarding the solubility of 
uric acid at various py-values is of significance. The result is 
dependent not only upon the x but also the kind of buffer mix- 
ture with which the test is conducted. Apparently uric acid 
unites with various anions to form complexes. 

8. Tanning.—In common with the action of all enzymes, that 
of pancreatin toward elastin is dependent on the hydrogen-ion 
concentration. But the hydrogen exponent at which the decom- 
position of the elastin is at a maximum depends upon the con- 
centrations of the enzym and the elastin during the reaction. 
In dilute solution the decomposition takes place only between 
pu 7.5 and 8.5, and in concentrated solution between 5.5 and 8.5. 
We refer to the work of Wilson and Daub (29) for the explana- 
tion. 
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Another question that is connected with tanning procedure 
is the rate of diffusion of tanning solutions into a gelatine gel. 
This rate is, according to Wilson and Kern (29), dependent 
both on the concentration of the non-tannin content and on the 
pu. Thus gambier has its greatest penetration capacity at 
pu = 6; when py is smaller than 3, penetration no longer occurs. 
For quebracho extract the latter limit lies at 4.7; on the other 
hand it still diffuses rapidly at py = 9. 

The py is also of great significance in the analysis of tanning 
extract by the A.C.L.A. procedure. There is a maximum tannin 
content at Py = 8 (Wilson and Kern (29)). For further details 
the reader is referred to the literature (29). 

9. Examination of Soils.—In the examination of soils both 
the pu of the extract and its neutralization curve are significant. 
Since many difficulties attend the use of the hydrogen electrode 
in the measurement of the [H+] (20), the colorimetric method 
here gives better service. 

It will be shown by a few illustrations that there is a far- 
reaching connection between the py of the soil extract and 
the occurrence of diseases of various plant growths. Thus peas, 
for example, have been found to thrive in alkaline but not in 
acid soils. Conversely the so-called ‘‘ oat disease of the marsh 
colonies (Moorkolonien)”’ does not occur when the reaction is 
acid. 

The crop of clover hay is greater the more the acid reaction 
of the soil decreases, i.e., the nearer Py approaches to 7. Thus 
J. Hudig and C. Meyer (30) give the following data: 


Yield of Clover | px of the Soil 


Hay | Extract 
5}, Il S54 
26.4 6.48 
25.4 6.48 
36.9 7.74 


36.8 7.74 


EXAMINATION OF FOOD 209 


According to Gillespie and Lewis (30) the blight of scabby 
potatoes no longer occurs when the py of the soil is lower than 
5.16. 

From the few data above (cf. literature (30) for others) it 
is clear that in the solution of most problems in the domain of 
plant pathology the réle that hydrogen-ion concentration plays 
in various processes must be carefully considered. 

10. Examination of Food and Condiments.—Knowledge ot 
the hydrogen-ion concentration is of importance in judging wine, 
beer, and fruit juices (31). When these liquids are strongly col- 
ored the colorimetric method is not directly applicable. In 
many cases it is possible to decolorize the solution with charcoal 
without too far changing the nature of the liquid; the determina- 
tion may then be made. Knowledge of the pg of other liquids 
is also important. 

La Mer, Campbell, and Sherman (31) made an interesting 
study of the rate of destruction of vitamins at various tempera- 
tures. They obtained the following results on tomato seeds: 


pu Before py After | Per Cent Destruc- 


Heating Heating tion of Vitamine 
4.3 4.3 SOEZ 
Dee 4.9 58.3 
Ne Td 61.8 
10.9 8.3 63 
10.9 8.3 92.5 


We may conclude from these figures that the destruction is 
independent of py within wide limits. 

Since the action of vitamins decreases more in alkaline than 
in acid media, McClendon and Sharp (31) call attention to the 
fact that it is important to know the py-values of various food 
extracts. Various materials have been studied by Clark and 
Lubs (35) who found the following values: 
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by After 
Seat a at Room Sterilization 
emperature In an 
Autoclave 
Whee: heen. sated 1.64-2.56 
Vinegatiy ceases aeons DAN) 94! 
INNS ONCE cane nce bacaoo- 3.76-9..69 3.8 
Plums uicesern eee 4,12-9.44 4.3 
Beer WOrts seh once oe een 4.91-8.55 
ROOt ICE eae ere 5.21-9.27 Sa 
(Cucumber julcess.s2-eeee 5.08 Saal 
French bean juice.........| 5.23-8.63 B92 
Bananay\wicessem enters 4.62 4.6 
otaton Wlcenern nitrites 6.06-9.44 6.1 
Sweet potato juice........ 5.80-8.73 
IMapleisyrupe eee eee 6.75-6.8 
Beet {julcen.scce oem nee 6.07-8.75 6.1 


They further called attention to the following values in the 
literature: 


Pu PH 
iMuscleiextractae 6.8 Grapetjuices- 5 eee 3.0-3.3 
Pancreasiextracti. eso. SEO Orange: )ulcesa eee eee 3.1-4.1 
Mill oes tape vcs tye came eer 66-756) || Rhubarb juicesaaaseeeeeee iil 
Rloumextractenrces eee ee 60-0558 otra WwDECERy:| UiCe setae tae 3.4 
Beererer ete ern ree 3.9-4.7 || Pineapple juice............ '3.4-4.1 
\WAUINS o. 5 dio orci tec Ono so Oke ADS || ANON INNES... so on ko ve ac 4.2 
Wemony)uice seer eee eee Dee Plant-celljuiceseereeee eee 53-58 
(Cherry julceser eee eee. PS iil 


Also McClendon and Sharp (31) determined the py of dif- 
ferent kinds of juices and found that they were but little changed 
on boiling; the fluid generally becomes a little more acid. 

They give the following data: 
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Material Pur Directly fu After Boiling 
utcevofyounz roots< |... ..+. 6.550. 0sen eh 5.85 5.80 
ROtatO UChr tek cote cake hme Oro7 
Cab Damen tet aucraan.cohp.asamcnen fete cs 5.90 5.78 
IMeapMleyjpwless on care aldssweba a wen ee vragiae S05 S755 
EE YMOR SERCO oops aa aes a oi a hares Gauci Boe PO) 


Jenny Hempel (31) found the following figures for lemon juice. 
Her data for neutralization value toward litmus and phenol 
phthalein are also given. The latter are expressed in cubic 
centimeters of 0.2 N alkali per 100 cc. 


Neutralization Number 
Pu 
With Litmus With Phenol Phthalein 
oy S27 540.0 
2.25 502.1 518.0 
2.24 536.0 539.0 


Reference is made to the literature (31) for further details 
regarding the juice of plants and plant cells. 

Knowledge of the [H+] of milk is of special importance both 
with reference to its daily use, and to dairying. Morres (32) 
showed that the alcohol test is not sufficient for judging milk. 
Therefore he adds an indicator, alizarine, at the same time and 
observes the color. This test is known as the alizarine test. 
It was unfavorably criticized by Devarda (32). A much better 
indication of the acidity of the milk is obtained without alcohol. 
The author uses phenol sulphone phthalein (phenol red), which is 
colored an acid transition tint by normal milk (cream color verg- 
ing toward red). With the aid of a color chart the [H*] of the 
milk may be found. The color may be judged more readily if 
phenol red containing a little potassium oxalate is used. The 
reaction is then more strongly alkaline. Baker and Van Slyke 
(32) used brom cresol purple as indicator. A drop of saturated 
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solution of this indicator gives to 3 cc. of milk a grayish blue 
coloration. This color is brighter if acids are present or if the 
milk is heated above the Pasteurization temperature. The 
color is dark blue if water or alkaline salts have been added to the 
milk, or if it has come from cows with diseased udders (indicating 
mastitis). In the examination of 350 samples of commercial 
milk Baker and van Slyke showed that their test of milk was 
of great value. 

Acid or alkali formation may also be shown by brom cresol 
purple if the specimen is allowed to stand for twenty-four hours 
in a sterile tube. 

The nature of the results of baking depends upon the py of 
the original dough. An important investigation in this field 
was made by H. Jensen-Hansen (31), whose results will be briefly 
described. For every dough made from white flour there is 
an optimum py at which the bread baked from the dough will 
have the best properties. This optimum is about in the neigh- 
borhood of px = 5; for good flours the py lies at a higher and 
hence the hydrogen-ion concentration at a lower value; con- 
versely, dough from poorer flour has an optimum /, at a lower 
value; hence Hansen found for dough made from dawn-red 
wheat an optimum at Py 5.85 (the density of the bread was 2.92), 
from oceanic wheat at py 4.70 (density of bread 2.80). The 
kind of acid with which the dough is brought to the desired py 
has little influence on the nature of the bread. The means that 
are used to increase the quality of the bread, such as salts of 
aluminium, zinc, copper, and primary phosphate, all increase the 
acidity of the flour, a circumstance to which their favorable action 
must be ascribed. . 

E. J. Cohn, P. H. Cathcart and L. J. Henderson (31) give a 
practical test that depends on the acidic properties of bread. 
We may call it the ““methyl red reaction” for bread. The 
pu of suspension of bread may be found by means of methyl 
red; it is simpler to let a drop of the indicator fall on a slice of 
bread and compare the color with an established scale for methyl 
red. Each transition tint corresponds to a definite pg. The 
color of the bread extract treated with the indicator changes 
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proportionately to that of the slice of bread on which the indi- 
cator is dropped. 

They cut the bread freshly before performing the test and 
immediately allow 4 drops of 0.02 per cent methyl red in 60 per 
cent alcohol fall on a spot near the middle of the slice. The 
color is judged after five minutes. The py of good bread lies in 
the neighborhood of 5.4. For further details the reader is 
referred to the literature (31). 

The acid taste of wine, etc., is in large measure dependent 
upon the hydrogen-ion concentration. With some practice it 
is possible to deduce the approximate hydrogen-ion concentration 
of wine from the taste. For details see the work of Th. Paul (31). 

11. Sugar Industry (33).—An interesting investigation was 
recently published by J. F. Brewster and W. G. Raines (33). If 
the sugar juice is only purified with lime the best precipitation 
of the impurities results at neutral reaction, py = 7.0. The 
reaction may be tested suitably against methyl red using buffer 
mixtures. It is possible to get along without buffer mixtures by 
adding lime until brom cresol purple is alkaline and then enough 
more to bring the titration acidity down to 0.25-0.50 cc. N acid 
per 100 cc. of juice. 

If the juice is to be treated with sulphurous acid for bleaching 
purposes this is best done at py about 3.8 (tested against methyl 
orange) and at a titration acidity of 5. Then enough lime is 
added to bring the fx to 7. 

The following example gives an expression for the buffer 
capacity of cane sugar. The titration acidity is expressed in 
cubic centimeters of 0.1 N sodium hydroxide per 10 cc. of juice 
neutralizing to phenol phthalein. The amount of lime added 
is in cubic centimeters of 0. 0.1 N per 10 cc. of juice. 


Acidityanee.; 10.25|9.40)8.85|7.95!7 .00|5. 50/4. 75|4.00)/2.80/2.00)1.30)0.70) 0.00 
Lime added. .| 0.00|0.85]1.40/2.30|3.25/4.75|5 . 50/6. 25/7. 458. 25/8 .95]9,55/10.25 
Drees sis 3.0 |3.4 |3.4 |3.6 |4.5 [5.4 [5.6 |5.8 16.0 |6.4 |6.8 |7.4 | 8.4 


The hydrogen exponent is significant for the process of decol- 
orization of sugar juice by charcoal; e.g., see Turrentine 
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and Tanner (33). According to Brewster and Rainer (33) the 
decolorizing action of charcoal increases as the hydrogen-ion 
concentration rises between the limits py 4 and 8, 

12. Pharmacy (34).—R. L. Levy and G. E. Cullen (34) 
looked into the decomposition of crystalline strophanthin in 
aqueous solution. In sterilizing the solution they found that 
alkali from the glass often caused the py to rise from 6 to 9, 
(This does not happen in Jena glass.) For clinical purposes it is 
best to dissolve the strophanthin in an 0.02 molar phosphate 
buffer of pu 7.0 and sterilize. 

Macht and Shohl found that the stability of benzyl alcohol 
is strongly decreased by traces of alkali; hence it must be 
sterilized in good glass. 

A. Rippel (34) found that some alkaloid salts are decomposed 
on sterilizing, especially in alkaline solution. 

J. R. Williams and M. Swett (34) made an investigation of the 
by of distilled water, physiological salt solutions, glucose and 
other solutions for injection into the blood stream and showed 
that too little attention had been paid to the py of such solutions. 

According to the findings of the Mulford Biol. Lab. (34) 
salvarsan, i.e., the hydrochloride of diamino-diazo-arseno ben- 
zene, has an acid reaction in solution, the py being 4.8. The 
solution must be neutralized before it is injected. With two 
equivalents of alkali the free base precipitates and with three the 
monosodium salt is formed, with four the soluble disodium salt 
of P w= 9.4 in solution; the latter is suitable for injection, 

13. Biochemical, Bacteriological, and Physiological Inves- 
tigations.—The hydrogen-ion concentration plays an important 
rdle in all biochemical and physiological processes, Enzymes 
and bacteria have an optimum action at a definite py. Proteins 
are completely coagulated at a certain [H*] (the isoelectric point) 
or change the sign of their electrical charge. The [H+] of body 
fluids, as urine, intestinal fluid, contents of stomach, blood, varies 
between very narrow limits under normal conditions. In many 
cases of this sort use may be made of the colorimetric method. 
Because of the great extent of the subject and the extensive 
literature (35) thereof it will not be possible to treat it further 


BIBLIOGRAPHY 215 


here. Especial attention is called to the fact that Clark (35) in 
his book has a complete bibliography dealing with the significance 
of py in the various branches of chemistry and especially of bio- 
chemistry. 
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CHAPTER VII 
INDICATOR PAPERS 


1. Use of Indicator Papers.—Such papers serve the purpose 
of showing the reaction of a liquid, just as indicators do, As we 
shall see, the sensitivity of these papers is influenced by so many 
factors that it is not in general possible to use them in determining 
hydrogen-ion concentration exactly. The px of buffer mixtures 
may be approximately determined with indicator papers (see 
p. 226). Their use is often to be recommended for qualitative 
purposes; for instance, for testing gases for acidic or basic com- 
ponents (ammonia, acetic acid, etc.). Reagent papers are use- 
ful in testing qualitatively for metals. For certain operations 
[H+] should be between definite (although wide) limits. Thus 
the hydrogen-ion concentration should be about 0.02-0.05 N 
during the precipitation of the copper group to insure complete 
precipitation of cadmium and lead and no precipitation (or at 
most a trace) of zinc. This degree of acidity may be established 
with the aid of methyl violet paper. Further, the precipitation 
of basic acetates and formates of iron, aluminium, and chromium 
requires a [H+] of 10-* to 10-®, The solution under examina- 
tion is neutralized until it is no longer acid to congo paper, but 
still acid to litmus. Indicator papers are useful in tests for the 
identification of pharmaceuticals. Strong mineral acids react 
acid to methyl violet paper, moderately strong acids to congo 
paper, and very weak acids to litmus or azolitmin paper. Strong 
bases react alkaline to turmeric or tropeolin 00 paper, moder- 
ately strong bases to phenol phthalein paper, and very weak ones 
to litmus or azolitmin paper. Indicator papers are not very 
generally used in quantitative analysis, nor are they to be gener- 
ally recommended for such use (1). It is not possible to use 
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indicator solutions with strongly colored solutions like fruit juices, 
wine, etc., and papers also usually give results that are not clear- 
cut. This is especially true if the solution that is being titrated 
contains buffer mixtures at the point where the indicator begins 
to change color. In such instances it is better to use other 
methods (hydrogen electrode, conductometric, or spectroscopic 
(2)). Indicator papers can not be recommended for the deter- 
mination of weak acids (like acetic) in presence of strong ones, 
According to Glaser’s findings (3) the change is not sharp. 

2. Sensitivity of Indicator Papers.—The sensitivity depends 
on various factors that will be discussed in greater detail. It 
should be noted that the sensitivity is always less than with 
indicator solutions. If buffer mixtures are used reagent papers 
show the same sensitivity as the corresponding solutions of indi- 
cators. 

(a) Kind of Paper.—Sized papers in general show sharper 
reactions than filter paper because the drops of liquid used 
in the test are not so strongly absorbed and the change is confined 
to a smaller space. If the liquid to be tested is colored, filter 
paper is to be preferred, especially if the color of the solution and 
that of one form of the indicator are the same. The paper 
causes, by capillary action, a separation of the coloring matter 
and the colorless fluid if the colored matter is of basic character. 
The change appears at the rim of the drop in such cases. The 
sensitivity of sized paper is much less than that of filter paper as 
Kolthoff (4) has shown. The reason is apparently that sized 
paper takes up less of the indicator. The sensitivity of some 
sized papers is given in the following table (+ signifies feeble 
reaction; — no reaction). 


SENSITIVITY OF SIZED PAPERS 


Indicator 10-3 N HCl 510-4 N HCl 


COPED: smc cadres Oc ar Tone On Beene ae + — 
Dimethyl amino azo benzene............. — = 
Litmus (very weakly colored)............- + 
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(b) The Nature of Pre-treatment of the Paper.—Because of the 
colloidal nature of many indicators study was made of the effect 
on the sensitivity of pre-treatment of the paper with various 
reagents, as hydrochloric acid, aluminium chloride, sodium 
hydroxide, etc. After treatment with hydrochloric acid or 
aluminium chloride the washing was continued until the water 
no longer reacted acid to methyl red; if treated with alkali the 
washing was continued until the water was no longer alkaline 
toward phenol phthalein. Paper of various kinds thus treated 
was immersed in solutions ot congo red, methyl yellow, azolitmin 
and phenol phthalein (see section 4 following). It was found 
that the pre-treatment was practically without effect on the sen- 
sitivity if pure paper, was used. If this is not pure, treatment 
with hydrochloric acid is sufficient. The kind of filter paper is 
of little significance, although the Schleicher and Schiill paper 
“for capillary analysis ”’ was found to be most sensitive. The 
difference is so small that practically no attention need be paid 
to the kind of paper. 

(c) Concentration of the Indicator in the Paper.—Just as in 
case of indicator solutions the concentration plays an important 
réle here also. If we consider an acid indicator, HIn, it may be 
found simply (cf. Chap. III, page 55) that: 


ello 
[H+] = 7 Kum 


In the case of the congo-acid [HIn] represents the concen- 
tration of the blue form and [In~] that of the red. If we com- 
pare two congo red papers of which one contains ten times the 
congo red concentration of the other, then at the same [H+] 
one will contain ten times the [HIn] concentration of the other. 
If the acid, i.e., blue form is readily detected in the presence of 
In-, the concentrated paper will be more sensitive toward acid 
than the more dilute. This is not generally true but depends 
upon the sensitiveness with which the acid form may be recog- 
nized in presence of the basic. Similar considerations apply to 
basic indicators, These remarks apply only when the papers 
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have been prepared from pure indicator solutions. This 
is not the case, for example, with red and blue litmus paper. 
Blue litmus paper contains an excess of base, red paper of acid. 
It is thus obvious that these papers at a given concentration of 
coloring material will show the H+ or OH~ the more sensi- 
tively the more dilute the solutions used in their preparation. 
This holds only partly for violet litmus, which contains some 
ampholyte. 

The effect of the concentration of congo red on the sensitivity 
of the paper is given in the following table. 


Concentration of the 
congo solution with | 0.01 N | 0.005 N | 0.001 N }0.0005 N|0.0002 N!0.0001 N 
which paper is HCl HCl HCl HCl HCl HCl 
saturated 
1% afoeteeia Wratectecieed teat ot an aie = 
Intense | Intense | Spots 
blue blue 
spots spots 
0.1% feok dau) esti ie a => = 
Deep Blue Pale 
blue circle 
spots red in 
center 
0.01% + + }=—e 4+ = is as 
0.001% - — fe a = = 


This table shows that the most sensitive congo paper is 
obtained by soaking the paper in 0.1 or 1 per cent solution. 
The sensitivity then extends to 0.0002 N HCl. 0.1 per cent 
paper is generally to be recommended because the color change is 
easy to see. 

The sensitivity of litmus and azolitmin papers increases as 
the concentration becomes smaller. This is clear from the follow- 
ing table. The ordinary paper is prepared using a 1 per cent 
solution. 
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Errecrt or CONCENTRATION OF Lirmus OR AZOLITMIN ON THE SENSITIVENESS 
OF THE PAPER 


Concentration of HCl 


Description of Paper 
LOSe IN: |S xX LO =A 2 LOS LO Sea Sc LOme 


Blaerlitmus) b0j eee eee eee ++ _ _ = _ 
Tue INweVEVOMN Gon ooschoctovc- +++ ++ a = 
Viole tlitimirs ey tert sre eer sRarar ———f= st - _ 
INeqa inti, WE conc acneantedscor qearae |) APaESE aPSe Spee = 
AZ Ohitminn O10 see ee eee | Seseae |) ararar aESR SPSe = 


Concentration of NaOH 


Description of Paper 
TOs2 IN, W4AXTOSANG 2OeAN 104N 


Iaal Mites WH oo occcasoscacene aaa ++ =e = 
iRetal Iwo OsNGA 6 os sa eoagacata ++ ++ + = 
Wioletalitimussee a wei race ++ +--+ + = 
Aeoienia, Wp. 6 oo mocanoedaouce- an +++ 44 as 
INeqaierain Ol GYisocso tinue on cebu aESeS saa ++ + 


In determinations of the sensitivity with alkali, pure water 
entirely free from carbon dioxide should be used, for otherwise 
a smaller sensitivity is found than really exists. 

From these experiments it follows that the most sensitive reagent 
for strong acids and bases is azolitmin paper prepared from 0.1 
per cent solution, The presence of 10-* N hydrochloric acid or 
sodium hydroxide may be proved with this paper. It is also the 
best paper for weaker acids or bases. 

The same considerations apply to methyl violet paper as to 
litmus. If it is prepared from concentrated solution it may 
scarcely be used. The color of the paper should be bright violet; 
it is prepared by using an 0.04 per cent methyl violet solution. 
0.01 N hydrochloric acid just colors the paper violet blue, 0.1 N 
HCI bluish green, and 1 N HCl yellowish green. 

Phenol phthalein paper acts differently from the other two 
papers. It is indifferent as to whether the paper is pre-treated or 
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not, for drops of liquid remain lying on the paper and diffuse in 
only very slowly. 1 and 0.1 per cent alcoholic solutions are used 
in preparing the paper. Apparently these concentrations are so 
high that the indicator crystallizes out in the pores of the paper 
during the drying. Because of the slow diffusion of liquid into the 
paper it requires a moderately long time before an alkaline reac- 
tion is evident. The result may be obtained more rapidly by 
aiding the contact between liquid and paper by means of a rod. 
The phenol phthalein then dissolves. 

The reaction then takes place in the drop and not in the 
paper; it might rather be allowed to take place in a capillary 
tube. The sensitivity of phenol phthalein paper is the same as 
that of the solution, as may readily be understood. An 0.0001 N 
sodium hydroxide solution gave a pale rose coloration with the 
paper. The advantage of phenol phthalein paper is that no 
capillary phenomena take place which makes the test sharper. 
The drops diffuse in only after some time and then finally the 
rose or red color disappears. 

The concentration of indicator plays a réle in other instances. 
The most satisfactory concentration of indicator is given in the 
table at the end of this chapter (page 230). 

(d) Manner of Using the Reaction.—Ordinarily a drop of the 
solution to be tested is placed on the paper. The paper may also 
be dipped into the solution. The latter does not offer much 
advantage. The author found that the sensitivity was always 
less than when the drop was placed on the paper. Besides, you 
have to observe quickly because of capillary phenomena that 
cause the indicator to diffuse away. On long immersion a part 
of the indicator dissolves, the process being hastened by elec- 
trolytes (Walpole (5)). 

(e) Nature of the Solution.—Up to the present we have been 
considering the sensitivity of the indicator toward strong acids 
or bases. Except in the case of phenol phthalein the sensitivity 
is greater with solutions than indicator papers. If we compare, 
for example, an 0.0001 N hydrochloric acid solution with a mix- 
ture of about 90 cc. 0.1 N acetic acid plus 10 cc. of 0.1 N acetate, 
both solutions give about the same color with methyl yellow. If 
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the test is made with azolitmin paper, the acetic acid-acetate 
mixture reacts apparently more strongly acid than the hydro- 
chloric acid; it therefore follows that an indicator paper does not 
show the true acidity, or hydrogen-ion concentration, very well. If 
hydrogen-ions are removed in any way (by absorption by paper 
or impurities in the paper or indicator) no H-ions are supplied. 
The liquid appears to be neutralized. If a buffer mixture is used 
traces of impurities are without effect. If the sensitivity of indi- 
cator papers is examined with buffer mixtures it is found to be the 
same as that of indicator solutions. Wath strong electrolytes, indi- 
cator papers give more nearly an expression of titration acidity than 
of hydrogen-ion concentration. 

A paper that in some degree gives both a measure of titration 
acidity and H-ion concentration is potassium iodide-iodate paper. 
Iodide and iodate react according to the equation: 


SI- + 103- + 6H+ @ 3Ie + 3H20. 


This is a time reaction whose speed is very largely dependent 
on the [H+]. From the equation it is evident that the [H+] 
decreases as a result of the reaction. If we again compare 0.0001 
N HCl with the acetic acid-acetate mixture both give instan- 
taneously the same brown or blue color. The paper treated 
with the buffer mixture gradually becomes darker because the 
[H+] removed is gradually re-supplied. This does not occur 
with the hydrochloric acid. 

3. Determination of Hydrogen-ion Concentration with Indi- 
cator Papers.—We have seen in the preceding pages that indi- 
cator papers give about the same transition range as solutions 
with buffer mixtures. In the presence of a sufficient amount of 
buffer the hydrogen exponent may be quite exactly determined. 
Fraulein Hempel (6) investigated this matter at the suggestion 
of Professor Sorensen; she found lacmoid paper useful between 
pu 3.8 and 6.0. A drop of the solution was brought on to the 
paper and the color was compared with that caused by buffer 
mixtures. The accuracy amounted to about 0.2-0.5 py. Haas 
(7) has extended the procedure. He gives directions for the 
preparation of blue and red lacmoid paper. One drop of the 
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unknown solution is placed upon each of several strips of the 
paper. At the same time a series of comparison papers of known 
[H+] is made with buffer mixtures. The strips are slowly dried 
over soda-lime (to exclude carbon dioxide). During the drying 
the colors are compared now and then; the actual determination 
is made when the strips are entirely dry. The middle portions of 
the drops are compared, the color at the rims being generally 
effaced by diffusion. A series of more stable reference papers 
may be made by covering the paper with good paraffin, Haas 
used indicators other than lacmoid paper: 


Methyl orange paper for py 2.4-3.8 
Brom phenol blue paper for py 3.4-4.6 


Alizarin paper for Pu 4.0-6.0 
Azolitmin paper for py 6.2-8.0 
Neutral red paper for pu 7. —9. 


The accuracy of the procedure according to Haas varies from 
0.4 to 0.2 py. The procedure may be used with advantage in 
the determination of py in small quantities of liquid. Great care 
is necessary in using the method. 

The author has also investigated the procedure of determining 
pu with indicator papers. The results will be described briefly 
here. In opposition to Haas it was found that the drops should 
not generally be allowed to dry, for the color then becomes very 
indistinct and slight differences are difficult to recognize. Fur- 
thermore it is better to bring the drops to the paper with a capil- 
lary than with a glass rod. Thus only 10-20 mm. of liquid suf- 
fice. It is generally best to use hardened filter paper; also 
Schleicher and Shiill’s paper for capillary analysis is often very 
suitable. The ‘‘ intensity ” of buffer action is very important. 
If, for example, a phosphate mixture of py = 7.0 is diluted ten- 
fold and the color judged with red litmus paper the original 
solution is apparently more strongly alkaline than the diluted 
solution. It is recommended that buffer solutions of about the 
same buffering power as that of the unknown solution be always 
used for comparison purposes. The accuracy of the procedure 
is then about 0.2 py. The procedure may be of importance in 
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the rapid testing of blood serum and urine. If the solution under 
examination contains very volatile acids (e.g., carbonic) and a 
negligible amount of non-volatile ones the procedure can not be 
used. 

The reader is referred for details to Kolthoff (8). In the table 
are given the indicator papers that the author has found to give 
good service. 


Concentra-|_ Useful Time to 
tion of between |Wait after 
i ; Accuracy, and Remarks 
OTe Indicator PH Applying as 
Solution Drop 


Congo red (hardened paper)} 0.1% 2.5- 4 | Lessthan5| About 0.2 pH. On drying the blue 
minutes spot again becomes red. 

Methyl orange........... 0.2% 2.6- 4.0) After 2 About 0.2 pH, must be judged rapid- 
minutes ly. Congo paper generally better; 
effect of dilution large. 

Alizarine (hardened paper)| 0.1% 4.6— 5.8] After 5 About 0.2 to 0.3 pH. 


minutes 
Blue lacmoid paper......-] .....0«-« 4.6— 6.0] After 5-10] 0.2-0.3 oH. 
minutes 
Brilliant yellow........... 0.2% 6.8— 8.5] After 5-60; 0.2 pH. Can not be allowed to dry 
minutes when boric acid is present (in buf- 
fer mixture). 
Redditmus =. «ee. everest olll-ss.cas wicre 6.6- 8.0 
Blue tmaso- ns sae ae eel ehaswcce 6.0— 8.0} After 5-60] 0.2 4. Can not be allowed to dry 
AZoleminis y-chyas mete ae ie 1% 5.5- 8.0} minutes when boric acid is present. 
Phenol red paper......... 0.1% 7.0- 8.2) After 2-30 
minutes | 0.2 pH. 
Cresol red paper.......... 0.1% 7.6— 9.0} After 2-30 
minutes | 0.2 pH. 
a-Naphthol phthalein paper 
(capillany) ccm eisai ce 0.2% 8.2- 9.5) After 5 
minutes | 0.2 pH. 
Curcuma, paper... ..+2 se 0.1% 7.5— 9.5] After 10 0.2 pH. Can not be allowed to dry 
minutes if boric acid is present. 
Thymol phthalein paper...| 0.1% 10 ~-I1 | After 2 
minutes 


4. Capillary Phenomena of Test Papers.—Capillary phe- 
nomena of filter paper have often been studied. They must be 
taken into account in testing reactions with indicator papers, 
especially as the limit of sensitivity of the paper is approached. 
If a drop of 0.001 N HCl is allowed to fall on congo red paper the 
center of the diffusing drop remains red, i.e., alkaline and is sur- 
rounded by a circle of acid and further out a circle of water. 
Similar phenomena are given by methy] yellow, azolitmin, litmus, 
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and other papers. The ratio between the radii of the water and 
acid circles depends in a definite way on the hydrogen-ion con- 
centration (cf. Holmgren and other investigators (9)). The 
following is the explanation of the formation of circles: The 
whole portion of the paper out as far as the acid circle is acid, 
but to such a slight extent in the center that the [H*] is not large 
enough (taking congo paper as illustration) to form the blue acid. 
Upon putting the drop on the paper the water diffuses more 
rapidly followed by the very mobile hydrogen ions. Hence at a 
definite distance from the center the difference in concentration 
from that of the original solution is large enough to form the acid 
modification of the indicator. The acid circle acts as a chemical 
filter and only allows water to pass. 

Capillary phenomena may arise from other causes. A solu- 
tion of ammonium acetate colors both red and blue litmus paper 
violet. Yet it is plain that the drop is more blue at the center 
and more red at the rim. The ammonia is more strongly held by 
the paper than the acetic acid. The phenomena are more marked 
if the reaction of lead acetate is tested. At some distance from 
the center there is first formed a blue circle (absorption of lead 
hydroxide), around which is formed a red ring due to diffusion 
of acetic acid. This behavior gives an explanation of the con- 
tradictory statements in various pharmacopeeias regarding the 
reaction of lead acetate. The reaction of this salt can not be 
established certainly with litmus paper; it should be done 
with the aid of methyl red solution. The acid or alkaline reac- 
tion of salts such as sodium acetate or ammonium chloride that 
are hydrolyzed may be easily shown with indicator papers. 

5. Preparation of the Papers.—According to Glaser, indicator 
papers are prepared as follows: Strong white filter paper is puri- 
fied by treatment with hydrochloric acid and ammonia, and then 
with distilled water, and dried. Glaser found that Schleicher 
and Shiill No. 595 paper was best adapted. The dried paper is 
soaked with the indicator solution. If white sized paper,—a good 
grade of writing paper being best,—is used, the solution is brushed 
on. The moist paper is dried best by suspending it with threads 
and wax, and being careful to secure uniform distribution of the 
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color by changing the position of the paper frequently. The 
drying must be done in a room free from acid or alkaline fumes. 

Blue litmus paper may best be made according to Glaser (3) 
(page 70) by first extracting the litmus cakes with alcohol. 
The residue is dried and extracted with cold water. Filter paper 
is saturated with the aqueous solution and dried. The free 
alkali is removed by washing with water, most conveniently on 
a glass plate. (The excess of acid or alkali can be removed better 
before the paper is saturated with the solution.) 


TABLE OF SENSITIVITY OF INDICOTOR PAPERS. 


Concentration 
of Indicator Sensitivity to 
Kind of Indicator Solution Remarks 
with which . ee 
Paper is 
Saturated HCl NaOH 
Haematoxylin,......... 0.2% OS2S1UN eens From yellow to beautiful cherry red. 
Methyliviolet..--...... 0.4% TOS25IN Ga) ecrerrstetrce Blue with 10-2HCI, blue green with 
: 10-1; greenish yellow with N. 
Methanil yellow........ 0.2% SCOTS Nee erracrete Yellow-red. 
Uropeoling OO ki ecrtetere ees 0.2% 4X 10-3. N 
Methyl yellow......... 0.2% in 
alcohol 4X 10-4N 
Congo red]... cc vocscces 0.1% 2x 10-4N 
Blue litmus2.). si ss oe 1.0% 103 N 
Blueslitmusensdeaeee eee 0.1% 2x 10-4N 
Violetvlitmus yen eeee eee 1% 4X 10-4N | 510-5 N 
edelitam users stereictete or OAT Oe Bilin ba Sectets 2X 10-4 N 
Red'litmusideses: ons EN Ae el carts 10-4N 
a@-Naphthol phthalein. . . OSes etacretsvers 5X 10-5 N 
Brilliant yellow........ Wooler man | Wroracerssarerate 10-5N Yellow—Red brown 
acid alkaline 
Phenol reduc ses.o soos OS Soe Aone ents 5x 10-5 N Higa a 
acid alkaline 
Gresolired@enater cece OCLE Ce Aileen 510-5 | Yellow-purple red 
Phenol phthalein....... 1 eee ellinereeicee 5X 10-5 
Phenol phthalein....... ORG ae eee ters 10-4 
Turmeric (curcuma).... On ol arenes 10-3 Yellow—Red brown 
acid alkaline 
Thymol phthalein...... OUT om termes 10-3 Colorless-blue 
Propeolin Ones ee ERA ll cae oe 310-3 | Yellow—Red brown 
acid alkaline 


Red litmus paper may be made, according to Glaser, by using 
acid tincture or by dipping the blue paper in dilute sulphuric 
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acid and then washing with distilled water. It may be pre- 
pared better by using the aqueous solution that is used in pre- 
paring the blue paper. This is also described by Fresenius and 
Griinhut (10). The aqueous solution is treated with sulphuric 
acid until the color is barely red. The paper is saturated with 
this solution, Fresenius and Griinhut boil the solution for fif- 
teen minutes replacing the water that evaporates. If the red 
tint again changes to violet it is again treated with sulphuric 
acid and the process continued until the desired tint is obtained. 
The violet paper is better to use than either red or blue because it 
shows both alkaline and acid reaction. The aforementioned 
aqueous solution of purified litmus is brought to the right tint 
with acid and the paper is then saturated. Pure preparations 
should be used in the preparation of the other papers. All indi- 
cator papers must be protected from air and light. Light decol- 
orizes most papers. 

6. Limits of Sensitivity of Indicator Papers.—The sensitivity 
is given only for those papers that are practically useful. The 
author has made experiments with lacmoid,—p-nitro-phenol 
1 per cent and 0.1 per cent,—neutral red, methyl red, and other 
papers, but the color change was not sharp enough. 

The papers in the table were made from ordinary filter 
paper which was saturated with indicator solutions of the con- 
centrations given. 
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CHAPTER VIII 
THEORY OF INDICATORS 


1. Theories of the Color Change.—There are two views upon 
the question of what chemical changes occur to give rise to the 
color change: The conic theory, or the theory of Wilhelm Ost- 
wald (1) and the chromophoric or chemical theory that is ordinarily 
called the Hantzsch theory. In addition to these two theories, 
Wolfgang Ostwald (2) introduced a new point of view a few years 
ago. He maintained that the color change is related to a change 
in degree of dispersion of the indicator, It follows from the work 
of Kruyt and Kolthoff (3) and others that this is not always the 
case, so that Wolfgang Ostwald’s view is not of general validity. 
Even if the degree of dispersion did change with the color it might 
not be the cause of the change, but merely a parallel phenomenon; 
furthermore it is difficult to see why only hydroxyl and hydrogen 
ions should have such a large influence on the degree of dispersion 
and color. Therefore we shall disregard the conception of Wo. 
Ostwald in discussing the theories of indicators. Hence there 
remain the theories of Wm. Ostwald and of Hantzsch to discuss. 
According to Ostwald indicators are weak acids or bases whose 
undissociated form has a color different from that of the ions; in 
other words, Ostwald ascribes the color change to transformation 
into.ions or the reverse. The indicator HIn is ionized in aqueous 
solution as follows: 


HIn 2 Ht + In-, 
[H+][In-] 


(HIn| = Kui, 
[In-] _ Kem 
[HIn} [H+] 
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[In] 
|HIn] 
to that of the acid form. 

This gives directly the manner in which the color changes 
as [H+] becomes larger or smaller (see Chapter III). The great 
advantage of the Ostwald view is that we may use it in the quan- 
titative study of the change. Although the original view of 
Ostwald is not entirely correct, the equation given may be 
steadily applied in case the acid is monobasic. Ostwald later 
attempted to formulate his theory more acceptably. He showed 
that all salts of a colored anion with colorless cations or vice 
versa, had the same color (e.g., permanganates, chromates, etc.), 
In some cases discrepancies were found. The anomalies in case 
of copper and cobalt salts disappear on dilution. Complex ions 
are present in more concentrated solutions, but are dissociated 
into simpler ions on dilution, An exact study that Ostwald made 
of 300 salts apparently completely established his theory. That 
electric charge causes color is shown by so-called “ ion isomerism ” 
i.e., the same substances in differently charged conditions have 
different colors, e.g., ferrous and ferric iron, manganate and 
permanganate, etc. 

Many objections have, however, been raised against the 
Ostwald theory; a review of these is given in a monograph by 
Thiel (4). Since many of these objections have been overcome, 
only a few will be considered with brief discussion of their merits: 

(a) If a little alkali is added to phenol phthalein the solution 
becomes red, but upon adding more alkali the color fades. This 
anomaly is explained by Ostwald on the basis of formation of 
other ions.’ 

(0) The solid salt of phenol phthalein is red. It can scarcely 
be assumed that the solid salt of phenol phthalein is dissociated 
so that it should be colorless according to Ostwald’s theory. The 
same is true of the solid salt of p-nitro-phenol. p-Nitro-phenol is 
colorless in acid solution, and yellow in alkaline. The solid 
salt should be colorless, being undissociated; as a matter of fact 
it is colored (see page 246). 

(c) The most important objection to Ostwald’s conception is 


signifies nothing else than the ratio of the amount of alkaline 
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that several color changes are very plainly time reactions; this 
is true for example of tropeolin 000 (Handa (5)), Haematein 
(Salm and Friedenthal (6)), and phenol phthalein! (Wegscheider 
(7)). If the change were to be ascribed to the direct passage of 
undissociated acids into ions the change shouldjoccur at once for 
most ionic changes are almost instantaneous. The slow change 
indicates clearly that molecular reactions are occurring. 

(d) Hantzsch (8) and Hantzsch and Robertson (9) studied the 
relation between the concentration of colored electrolytes and 
Beer’s law. Beer’s law held exactly for colored salts even though 
the concentration was altered through a wide range. The law 
was also found to apply to solutions in non-aqueous solvents 
such as methyl alcohol, ethyl alcohol, pyridine, acetone, amyl 
alcohol, and concentrated sulphuric acid. If the ions had a 
color different from that of the undissociated substance this 
could not hold, since in non-aqueous solutions especially, the 
degree of dissociation is strongly altered by change in concentra- 
tion. They thus proved that the ions and the undissociated 
compounds had the same color. This conclusion does not agree 
with the series of investigations that were carried out by H. C. 
Jones and his collaborators. 

From the evidence cited it follows that Ostwald’s theory in its 
simple form can no longer be regarded as the explanation of the 
change of indicators. It has at present been replaced by the 
chromophoric theory, although the author wishes to call atten- 
tion to the fact that the latter theory in itself is not an explana- 
tion of the color change, but merely calls attention to a fact that 
occurs at the same time as the color change. 

2. The Chromophoric Theory.—The source of the theory 
may be traced back to Bernthsen (10) and Friedlander (11) who 
almost simultaneously, and independently, showed that phenol 
phthalein in acid solution is colorless and has a lactone structure, 
and forms a red salt in alkaline solution that is not derived from 
a phenol, but has a chromophoric quinone group. The color 

1 The slow color change of phenol phthalein is to be ascribed to the carbonic 


acid content of the solution. If the solutions are free from carbon dioxide the color 
change is sharp and the color does not change on standing. 
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change is here accompanied by alteration in constitution. Later 
chiefly Hantzsch and his pupils worked out the theory and found 
that the constitution changes with every change in color, and 
that if the constitution remains unchanged the color is unaltered. 
It should be pointed out that complete and sharp proof has not 
been found in all cases since proof of change in constitution is at 
times accompanied with very great difficulties. 

The relation between color and constitution has been shown 
by Hantzsch and his collaborators especially for the nitro-par- 
affins and the nitro-phenols. These substances are yellow in 
alkaline solution and colorless in acid. Hantzsch et al. showed 
that the formation of the salt from the acid and vice versa is a 
slow time reaction. Ifa solution of the salt was treated with an 
equivalent amount of acid the color remained strong yellow and 
the conductance was high. ‘The latter proved that a strong acid 
was present in the solution. The longer the solution stood the 
weaker became the color and at the same time the conductance 
decreased until finally both color and conductance remained 
constant. The strong acid had therefore gone to form neutral 
material (or a weaker acid), or in other words we have here a 
case of the formation of a pseudo-acid, or aci-combination. A 
strong acid that is formed from a substance that is not itself an 
acid, or at most a weak acid, by molecular rearrangement is called 
an aci-compound. ‘The salts and esters derived therefrom are 
called aci-salts and aci-esters. The substance from which the aci- 
compound is formed is called a pseudo-acid. In the same way we 
speak of pseudo-bases and baso-compounds. 

The aci-compound of phenylnitromethane, therefore, goes 
over slowly, in acid solution to form a pseudo-acid. At the same 
time the color changes from yellow to almost colorless. 

Hantzsch showed that the aci-compound generally has the 
following constitution: 


yo 
oN 


aci-compound, yellow 
while the pseudo-compound had the following structure: 
RNO2OH 


pseudo-compound, colorless 
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Now it was found that the aci-form is not completely trans- 
formed into the pseudo-form in acid solution, but that equilib- 
rium is finally established between the two forms: 


aci = pseudo, or 


0 
ORNG = RNO.OH. 
OH 


yellow colorless 


When alkali is added the aci-compound is transformed into 
aci-salt, and the equilibrium is displaced to the left and the color 
becomes more yellow. 

Hence it follows that on transformation into the salt form no 
ions of the colorless pseudo-compound are formed, but it is first 
rearranged into the aci-compound and colored ions are formed 
from the latter. 

Hantzsch further afforded proof that these aci- and pseudo- 
compounds are really formed because he prepared esters of both 
that were yellow and colorless respectively. 

Hantzsch likewise explained the relation between pseudo- 
bases and baso-compounds. If a salt of crystal violet is made 
alkaline the violet color appears and the conductance is high. 
On standing, the solution becomes colorless and the conductivity 
falls to a low value. The baso-compound which is a strong base 
and is violet colored has a different constitution from the colorless 
pseudo-compound: 


(cH,),.N 2 N(CH,), N(CH;), N(CH,), 
| 
Qe @ 
<____—. | 


(CH;). x (CH;)2 
OH 
pseudo-crystal violet base; baso-compound, violet; 


gives nearly neutral solution. gives strongly alkaline solution. 
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3. Color Change of Indicators According to the Chromophoric 
Theory.—p- Nitro-phenol.—On this theory the color change is 
pictured as: 


O 0 
C;HiOHNO2 2 OCsHsNC = OC.H:NC +Ht+ 
OH 2 


colorless yellow 


The equilibrium shifts toward the right when alkali is added. 

Phenol Phthalein.—Phenol phthalein is taken as a model for 
the phthaleins which in general behave in similar manner. 

Phenol phthalein itself is colorless and has a lactone structure. 
On going over into its salt form, its constitution changes to that of 
a quinone compound. If a very large excess of alkali is added 
the quinone is transformed into the salt of a colorless phenol 
carobyxlic acid. The changes are represented by the following 
formulas. 


OH OH, H OH 
| 
Or iy) Rip ic QS, 
CaNeZ, ape Cape i 
20 QO 
OH ll 
0 OH 
lactone: colorless, quinone: red, carboxylic acid: 
acid feebly alkaline colorless, strongly 
alkaline. 


At slight alkalinity we have to deal only with the lactone and 
quinone forms. The latter acts as a strong acid. Upon adding 
alkali the quinoid salt is formed and the equilibrium is displaced 
toward the side of the red components. (See also the work of 
Acree and his collaborators on the constitution (1917; 1918; 
1919).) 

The reader is referred to the work of Clark (1922) for theories 
of the color change of the sulphone phthaleins. 

Dimethyl Amino Azo Benzene.—This indicator is chosen as a 
representative of the azo-series of indicators; it is yellow in 
alkaline solution, having then the azo-structure, and red in acid 
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media, when its structure is of the quinoid type. Many other 
formulas have been suggested, especially for methyl orange, but 
these will not be considered here. The simplest way to picture 
the color change is as follows: 


< yen NCH: + H.0 2 


azo form: yellow: very feebly basic, 


or neutral 
ae she Ay BAN 


quinoid form: red: strong base 


Hence if an alkaline solution of the indicator is acidified the 
equilibrium is displaced toward the right since the quinoid form 
is transformed into a salt. 

4. New Definition of Indicators.—It is quite evident from 
the preceding pages that the simple explanation of Ostwald can 
no longer be regarded as correct. On the other hand it is not 
possible to explain the relation between the color (or ratio of 
acid and alkaline forms) and hydrogen-ion concentration as 
simply due to alteration in constitution alone. Stieglitz (12) 
has established a compromise between the ionic and chromo- 
phoric theories that makes it possible to calculate the relation 
between color intensity and hydrogen-ion concentration using 
the Ostwald equation. Yet he rejects the theory of Ostwald as 
an explanation of the change because it gives no reason for 
the alteration in color, and adopts the chromophoric view. The 
author’s view is somewhat different. The chromophoric theory 
gives no explanation of the change, but calls attention to a phenom- 
enon that accompanies the color change. The color change 1s accom- 
panied by a change in constitution, but this 1s not the cause of the 
color change. 

The above statement does not detract from the beautiful 
work of Hantzsch, which is of great significance for organic chem- 
istry. Yet change in constitution is not to be regarded as the 
reason that the color changes. Although the color change is easy 
to perceive and the change in constitution difficult, the two 
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phenomena occur simultaneously. If, conversely, the change in 
constitution were easy to perceive and the color difficult, the 
latter would not be regarded as the reason for the change in 
constitution. Besides, it is hard to see on the basis of the 
Hantzsch conception why the hydrogen-ion concentration governs 
the change of an indicator. 

Hence we have come to the question: What determines the 
color of an indicator?-—The answer is simply: The equilibrium 
that exists between the aci- or ionogenic form and the pseudo- or 
normal form. 

If we again start with p-nitro-phenol as illustration, then in 
aqueous solution there is an equilibrium between the aci- and 
pseudo-forms as pictured by the equation: 


normal = aci. 


When equilibrium is established the following relation holds: 


pier ee @ 
laci] = Ke [normal|0. 5 ae eee 


The aci-form behaves as a strong acid and is converted into 
salt by alkali: 


acl = He -+-A-— 
(eel oie 
mr eee 


This K, represents the dissociation constant of the aci-acid. 
Now it follows from equation (2) that the concentration of the 
aci-acid is equal to K X [normal], or in other words: 


[H*][A-] _ 
[normal] = Kea iS Kain. of Sn (4) 
It follows from equation (4) that 


[A =| ak Kam 
[normal] [H+] 
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However the ratio cnet does not in case of p-nitro-phenol 
mean the final concentration of the yellow alkaline form because 
the undissociated acid (aci) is also yellow. 

The total concentration of the yellow form is hence [A~] 
+ K X [normal]. If the total concentration of the indicator 
is [HIn], then [normal] = [HIn] — [A-] — [aci]. At a given 
[H+] the ratio of the concentration of the colorless to that of the 


yellow form is: & 
[A-] + K[normal] _ [A~] — K({HIn] — [A~] — [aci]) | Kam 
[normal] [HIn| — [A~] — [acil ~ [H+] 


If the aci-acid is strong enough to be considered completely 
dissociated the usual equilibrium equation may be used: 


normal @ H+ + aci.- 


It is then easy to deduce the simple equation that governs the 
color relations. 

The case is more involved when the normal form behaves per- 
ceptibly as an acid and hence enters noticeably into salt forma- 
tion. We then have two acids: 


Sa — 
HA=H*-+ Aq, ie aay = Kua. 
es or ag hinge ahi Oe, 
HIn —_— Ht -— In ) ~ {HIn] => Kum. 


It may be deduced from these two relations that at equal 
[H+] the following relation holds: 
[A7] [In-] 


EN K 
[HA] < Kum = [HIn| A Kua. 


If [HIn] represents the concentration of the aci-form and 
[HA] that of the pseudo-form, then the concentration of the 
yellow form is [In-] + [HIn]. The concentration of the colorless 
is [A-] + [HA]. Besides we have [HIn] = K[HA]. Then, 


Ra HA Kum 


ale [H+] 
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The total concentration of the yellow form is hence, 


K[HA] * Kain 


ee 


The simpler equation (4) derived on page 240 is the usual 
relation according to the Ostwald conception, only Kym is not the 
true dissociation constant but the apparent dissociation constant, 
ie., the product of the true dissociation constant and the equi- 
librium constant for the relation of normal and aci-forms. In 
case of p-nitro-phenol this constant is very much in the direction 
of the normal form so that p-nitro-phenol is apparently a very 
weak acid. For ortho nitro-phenol the ratio is more favorable 
and the compound behaves as a stronger acid. In case of picric 
acid the ratio is so large that much of the aci- or ionogenic form 
can exist in aqueous solution in the presence of the pseudo- 
compound, Hence it is a moderately strong acid. With 
increasing apparent dissociation constant the yellow color of the 
aqueous solution must also increase since more of the aci-form 
is then present. This is actually the case. Picric acid is strongly 
yellow in aqueous solution, but colorless in organic solvents and 
hence present in the pseudo-form. 

Just as has been done for p-nitro-phenol the relation between 
color and hydrogen-ion concentration could be derived for 
phenol phthalein and other indicators. We have here, in aqueous 
solution, an equilibrium between lactone form, L, and quinone 
form, Q. 


Ler 3i0 
[Q] t= 4 
[Cleese 


[Ol = KOC LS" Psat enna Si) 


The quinone form dissociates into ions: 


Ome Ome atin 
H+] x [Q- i 
Be Ke ee. © 


(true dissoc. constant). 
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It is evident from (5) that [Q] = K x [L], hence 


NS Ga ES oe 
KxXIL 
See OAR kok. (7) 


Here again we find that the dissociation constant of the indi- 
cator is an apparent dissociation constant that is made up of the 
true dissociation constant and the equilibrium relation between 
the aci- and pseudo-compounds. In aqueous solution the equi- 
librium between L and Q lies in such an unfavorable position 
that the solution appears colorless to our eyes. Upon displacing 
the equilibrium with alkali the red color appears. 

The change of methyl yellow, etc., is represented by the 
following equations: 

Azo @ Quinoid. 


yellow red 
Oke 
[Azo] 
FO ee KO LAZO ee eta) 
Og Or Ola, 
Ke ee  O 


(true dissoc. constant.) 


From (8) and (9) we have 


(Osx (OH rie 
oar a 
or a 
ee = Ko X K = Kyou: 


(Apparent dissoc. constant.) 


The equations thus derived agree completely in various cases 
with those of Ostwald; there are the following differences: 

(a) The dissociation constants thus derived are the products 
of the true dissociation constants and the equilibrium constant 
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giving the relation between the aci- (or baso-) and the pseudo- 
forms. The apparent dissociation constant thus derived may 
be tacitly regarded as a measure of the strength of the indicator 
acid or base. Probably most dissociation constants are apparent 
constants, according to the investigations of recent years. If we 
consider the dissociation constant of carbonic acid, for example, 


then we have: 


[H+][HCO3-] _ 
—THeCOg] = Kssor 5° SP ge 


It is assumed that [H2COs] is the total carbonic acid concen- 
tration. This is incorrect because it is mainly present as the 
anhydride, or in other words, 


[H2COs] = K[COz]. 
When this value is substituted in equation (10) we have: 


anit | Karo, MES Ke 10e0 
This K’ = 3 X 1077 is called the dissociation constant of 
carbonic acid. It is really the apparent dissociation constant. 
The true dissociation constant is much larger because the equi- 
librium between COz and H2COs3 is very much on the side of 
CO2z. The ratio LCO3] is about 100, so that the true dissocia- 
[H2COs] 
tion constant of carbonic acid is about 100 times greater than 
the apparent or about 3 X 107-5, 
Similar considerations apply to ammonia. Here an appar- 
ent dissociation constant is used since it is assumed that all the 
ammonia is present as NH4OH thus neglecting the equilibrium, 


NH40H @ NH3 + H20. 


The true dissociation constant of ammonia is therefore much 
larger than that with which we ordinarily work. 

According to the latest views of Snethlage (13) it is even an 
open question as to whether or not all dissociation constants 
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are apparent constants made up of dissociation constants and 
equilibrium constants for iogenic and pseudo-forms. 

This idea is confirmed, for example, by an investigation made 
by Hantzsch on acetic acid and its derivatives; it was found 
that esters and salts had a different constitution, while it may 
be concluded with a high degree of probability that in an aqueous 
solution of acetic acid there is an equilibrium condition between 
two forms, one of which has the constitution of the ester the other 
of the salt. Thus we have here an equilibrium: 

[logenic] _ 


[Pseudo] — 


Hence if it is assumed that all undissociated acetic acid is 
present in aqueous solution in only one form an error is made 
because the equilibrium between ionogenic and pseudo forms 
has been neglected. The true dissociation constant of acetic 
acid is therefore much larger than the one ordinarily used. 

(6) A second deviation from Ostwald’s theory is that accord- 
ing to the author’s view ions do not need to have the same con- 
stitution as the undissociated acid. 

Hence we arrive at a new definition of indicators, namely: 

Indicators are apparently weak acids or bases whose togenic 
or aci- (or baso-) form has a different color and constitution from 
that of the pseudo- or normal form. 

In the light of this definition we may tacitly represent the 
reactions that occur with indicators by the following equations: 


Hinz Ht + In, 
InOH @ Int+ + OH-, 
where In- and Int have a different constitution from HIn and 
InOH. 
In the equations given it is assumed that the aci- or baso- 


compounds are so strong that they may be regarded as completely 
dissociated, or in other words, 


Pseudo-acid @ 
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If we now take into consideration that the dissociation con- 
stant gives the apparent value, we may write: 


Pseudo @ H+ + Aci-, 


[ES LAC See 
[Pseudo] Kuno. 


Similar relations apply for other indicators. 

The new definition is not in error because of the fact that 
the change of indicators is a slow time reaction; we have 
included in the explanation the equilibrium between the iogenic 
and normal forms. It may be within the bounds of possibility 
that the equilibrium is established slowly. 

It is explained by this definition why the solid salt of phenol 
phthalein is red and that of p-nitro toluene yellow. The salts 
have the same color and constitution as the iogenic form, whether 
fully or partially dissociated. This agrees with the work of 
Hantzsch (8) and Hantzsch and Robertson (9), as mentioned 
at the beginning of this chapter, namely, that Beer’s law is valid 
for colored salts at all concentrations. For the undissociated 
molecules of the salt have the same color and constitution as the 
ions. 

The fact that phenol phthalein becomes colorless with excess 
of alkali does not damage this viewpoint since we have two 
equilibria to deal with, namely, 


[Lactone] _ 


[Quinone] ~” 


[Quinone] 
[Carboxylic acid] 


26 


The equilibrium is slowly driven over toward the carboxylic 
acid side by excess of alkali. 

The only difference from Ostwald’s definition is that we should 
not say that the ions have a color different from that of the 
pseudo-compound, but the iogenic form has a different color. 
The chromic theory is included in saying that the iogenic form 
has a different constitution from that of the normal form. 
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The primary fact that governs the change of indicators is the 
equilibrium, 
Pseudo = Ionogen. 


Finally we may say that the equations that were derived 
in the third chapter are entirely correct in the light of the new 
definition, and that there is no contradiction of the views of 
Hantzsch. 
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18° Ons o> Om 0.72X10-* 0.74X%10714 0.46107 14 

25 1.04X10714 | S22 <10me4 127 51 Ome* 0.821074 
50° 560 C10 me Sale LO mee 

100° 5Se2 10s 4a 7e SC TOR ae ee ee 48 «10-14 
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1414 (1907). Sérensen, S. P. L.: Comp. rend. du. lab. de Carlsberg, 8, 31 
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ibid., 42, 2116 (1920). 


TABLE II 


AVERAGE DEGREE OF DISSOCIATION OF SALTS AT 18° (FOR CALCULATION OF 
HyprROLystIs CONSTANTS) 


Normality Uni-univalent Uni-bivalent 
0.0001 0.99 0.98 
0.9005 0.98 0.97 
0.001 0.97 0.96 
0.005 0.95 0.92 
0.01 OF93 0.88 
0.05 0.89 0.80 
Onl 0.85 0.75 
(0), 2 0.83 0.71 
0.5 0.79 0.64 
1.0 O79 0.58 
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TABLE III 
DissociATION CONSTANTS OF ImporTANT AcIpS AND BASES 
Name i aciah Constant eee Investigated by 
it ; 
Tnorcanic Acips 
Arsenic acid, First step.......... 25° 5 x<10=3 2.30 Luther 
PAXSOVHOUS BONG rosy S Sewcwc'rg aie oi 25° 6 10s 9522 Wood 
IAEA ocr as sad calles ard Sisters 25° 6.6 X 10-10 9.18 Lunden 
@arianio acid’: os kerk wwiwedoe es 18° 3.04 10-7 6.52 Walker and Cormack 
MREMG-SEODS «co src mies siete & 18° Gy <x 1OH Ey -10),.22 Auerbach and Pick 
Hydrogen peroxide............. 2° 2.4 X10-12} 11.62 Joyner 
Hydrogen sulphide.............. 18° 5.7 X 10-8 7.24 Walker and Cormack 
Second Step Ves secns vie cs aals-e ere: 1.2 10715 14,92 Knox 
NHESOGETACHD q. caro cites vee cs.c acess 25" ZAP ah 3.40 Blanchard 
Phosphoric seid .........0... 600-54. 23° 1.1 X 10-2 1.96 Abbott and Bray 
PROM SECTS cera te a:a b's, v)syerers' ss 25 1.95x< 10-7 6.7 Abbott and Bray 
RLDINE SPOR ih. curds Mee aleve wc niclw 2 25E | 3.6 X10-8 | 12.44 Abbott and Bray 
Recon BRAT eo vais doe es neta | ae i OC 1OrT 6.23 Corrected for activity of 
PE DIP En REP Ee N,V es stare eo moet 10e 10-21), 12 ions. Prideauxand Ward. 
Pyrophosphoric acid............ 250 Va xX 10s 0.85 Abbott and Bray 
ECON StEDie ts oe ves vases a 153 1.1 x10 1.96 Abbott and Bray 
PEPIRUEREOD Coote cites bike oe 255 229 10-7 i) 0,04 Abbott and Bray 
Poprbinistery 8.22. vc. sci. ol eis 25° 3.6 X10-9 | 8.44 Abbott and Bray 
Sulphuric acid, Second step...... 2 ey 25 ae | 1.77 Jellinek 
3.2 <10-2 1.50 Noyes and Stewart 
3.2 X10 1.50 Kolthoft 
Bamnurous Acids ......-b ce eee ee 18° Le7 X10 ari § Kerp and Bauer 
BECO CU SECT 2,0 icles wie sian olin 1S? 1.0 x 10-7 7,00 Kolthoff 
Orcanic Actps—Aliphatic Series 
IRCOTE SCMN a ois Sc o'e1acie s.0 wros'sek ag 1.86 10-5 4.73 Lunden 
Me ESIEUTIC ACI ora ot iiaia:-c sis aicre ces oA 7p te | (eee) tls: 4.82 Jones 
PsQeBUEY TIO AGIA 2. Sioo:sic 0 oe seein ce Ze 1.48 1075 4.83 Jones 
Wierieacide need errschcilee'e. oselaiee + 25 Sen Oat 3.09 Walden 
4.1 «10-5 4.39 Hastings and Van Slyke 
Second Step. dsic¢+.cc.0 s0s.0ee 0's 18° ye eile 4.30 Kolthoff 
BR Dired: Sheen 8 ooo Sete oiais, 06 re 3-8) 8s 18° 158) ><c1055 5.74 Kolthoff 
ope ey <0 (Heng 5.50 Hastings and Van Slyke 
POPES MIO sents varsehaesiee ee er.s 18° 2.05 10-4 3.69 Kolthoff 
Th oe) fee * Darts Auerbach and Zeglin 
(Biismatie delds ote nee s <0 cele eye 2a 1.01x« 10-3 3.00 Jones 
WIECONCE SUEET  serripte wal asso) aint o,axe"s 18° 5 S108: 4.30 Kolthoff 
Glveccollee ter scictere corte o/alencie 25% 3.4 «10-10 CE Bvh Winkelblech 
Giyoolleaerd fan cen ecctelssieereceidar oon 1.52 10-4 3.82 Ostwald (1) 
Hydrocyanic aeid.5.c55 <...0 6c 25° 722 SC 1OR18 9.14 Madsen 
ECRCEICIACIC. steels cis Wi Sora ice hace < 25° 1.55x 10-4 3.81 Kolthoff 
LA ELS Ver (6 [eee Ro on 2501 1.54 10-2 1.81 Jones 
RECONG SCE WF aie aisles asuncos's 18° Sy 10-7 6.10 Kolthoff 
Ma ciacidlan . cts eres 2.6 aietsioistsln cls 252 4 «10-4 3.46 Walden (b) 
Second Stepan nhec selene 4.6 sate. 18° 9 >< 104 5.05 Kolthoft 
IM AIONIG ACIC, vy ethene ete c aes 252 1.63 10-3 219) Jones 
SECONGLSCED rereaate a erie aii ees 18° 3) 5c 10-8 5, 52 Kolthofft 
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Name oe Constant Pan : Investigated by 
Oxalichatid facsivcan toe oacisis erat Pip}? 3.8 «10-2 1.42 Chandler 
Second steps.eecae, ocse cease 18° 355: Xx 1058 4.46 Kolthoff 
IPrOpriOnic ACIC aan eee dst 1.4 «10-5 4.85 White and Jones 
Pyrotartariciacidurenieee ean eee pte 827 X10=e 4.06 White and Jones 
RACEMIC ACICs.,,<5 sce ee Seine 25° 1 x 10-3 3.00 Ostwald; Walden; White 
and Jones 
SUGCITNIG-ACIC aatreketereerne eneiseinaites 2s 6.55 10-5 4.18 Jones 
Second stepwise osas one 18° 5.9 10-8 5.23 Kolthoff 
Martaric:acids meee eos 2 OT SOVO=# 3.01 Ostwald; Walker (a) 
Secondistepaa.cenwonehee eae 18° 9 x<10-> 4.05 Kolthoft 
Trichlor acetic acid...........-. 18° 123 SOO st 0.88 Drucker 
Waleric:acid jiiiicciesscry scien s yee og 1.6 K10-5 4,80 Francke; Drucker 
Aromatic ACIDS 
Benzoiciacid jaensisecevere.c s+ on ee 25° 6.86 10-5 4.16 Jones 
Camphoriciacidiinen seni om 2.67X 10-5 4.37 Jones 
Second steps scuieveretsausrstassrsis sie er 7 > |) 5.60 Kolthoff 
Cinnamicjacidiemaseneei ieee Do 3.68 10-5 4.43 Jones 
Diethylbarbituric acid... ....... 2s Se xX10-s 7.43 Wood 
Gallicacidiaie.petvlacins ocacnaien 255 4a 10-8 4.40 Ostwald (2) 
Hip puriciacid severities ore ane ee 255 2.38 10-4 3.62 Jones 
Phenolfa. 2 Crereloaeret ietetioake es. 7599 131028 9.89 Walker (2) 
o=Ehthaliciacid' \yecrieatoeiasiier 252 1.26 10-3 2.90 Jones 
Second stepii. seeincaieis se cis sigan 8 xI0-% 5.10 Kolthoff 
Picrictacid gantry ecidociee eect 250 1.6 X10-1 0.80 Rothmund and Drucker 
DSACCHALIN pera sisre crest ie avsisiv wi ocies 18° 2253 1052 1.40 Kolthoff 
SHMltey he eke spensaqssenaccdap 25° 1.06 10-3 2.97 Jones 
Sulphaniliclacid@e-s ana = IBS G22) <i10ist Se2t Winkelblech 
6.55 10-4 3,18 Jones 
BASES 
Name oo Constant ees Investigated by 
ature Exponent - 
INorGANIC Bases 
AMMONIA jetpeisne aeversiealese «ores oe 18° 1.75X 10-5 4.76 Lunden 
Ferrous Hydroxide........ ps2 6.8 10-10 Cyl Whitman, Russell, and 
Davis. 
Hy drazine ic cariciieine sieeve De? 3 x<10-5 5.52 Bredig 
Orcanic BASES—ALIPHATIC BASES 
Ethyliamine syccmeseel- crc. citer 25° 5.6 X 10-4 Be.) Bredig 
Miethyliamine yy. .aeciwins. «ea wy 1.26x 10-3 2.90 Bredig 
Mrethyl amine years: 25° 6.4 X10-4 3.19 Bredig 
Glycocolll Waa aarti ems avant: Dp}? 2.7 X 10-12 L157 Winkelblech 
Methylamine. 4. -e.. > sce: 25° 5.0 x10-4 3.30 Bredig 
Dimethylvamine:y ce. sk 2 oc. 25a 7.4 <X10-4 3.19 Bredig 
Trimethyl amines. 5... ees AB 7.4 *10-5 4.13 Bredig 
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Name pai: Constant << ced Investigated by 
UN OELRENE Hg th otter ste si vs oe 252 4.6 X 10-10 9.34 Lunden 
INS VOCRIN pikes Mees eatin we < 252 Bl SCTO=6 by) Kolthoff 
a@-Phenetidine® .0.0. 9 lic. ccawods 20° 4.6 X 10-10 9.34 Veley (1) 
P-PRERGCHAINE. 6.066656 cee gae 15° 2.2 x10-9 8.66 Veley (1) 
HeEtTeERocyctic BASES 
PGOIIPIIE DE 6 cy < «dle ewe Ooi Talore 15° a SCl0-8 y fey Veley (2) 
UND IVPELN GICs. ,.cavate warner oe re 15° 1.3 x 10-6 5.88 Kolthoff 
Apomorphine... 00.266 66. 0 ccs io. 10) SC1OFF 770) Kolthoft 
(Atropin. 62. <<< Ret ea eee 18° LZ SX 10=32: 11.77 Weise and Levy 
PEROT gearirn Gsm atieioe S aiaia aon 15° 4.5 <10-5 4.35 Kolthoft 
rgcines close cd O A eee 15° 7.2 Xo 3.14 Veley (2) 
RE ISIE te WY rere Sna wares sole iD 9:2; <10=0 6.04 Kolthoff 
BEGORG SLED in. co.ce decd coras « : 15° 2.52 10-11 10.60 Veley (2) 
BeCONd Sten wd ancien ete cas a's 1S 2 10-12 11.7 Kolthoff 
Ceundine ssid ccc. tts tecicne* » Iss 1.2 lO 5.15 Kolthoff 
REMERON EDC cone sue care 2,0 mc ois lb? 1.6 X10-6 5.80 Kolthoff 
OPO SHOE cig. Me others Mots «te 15° 8.4 xX 10-11 10.08 Kolthoff 
Pepe Hue eure oO oak sane iste aimee 152 1.6 X107 6.43 Veley (2) 
16° 1.4 x 10-6 5.85 Kolthoft 
ECOG SECD non dan ns ssc eased 15° 1.1 10-10 9.92 Kolthoff 
DOCORMUSCET A tin acne sia coc 152 3.3 X 10-10 9.48 Veley 
Recne SED .c ode sco cc cienls 1S? 5.1 X 10-10 9229 Biddle 
(a Gee oh aie te ge | er 15° 225: 105% 6.60 Veley (2) 
PAI W eI avin cia le/ae Dw.6 Sie, 004 og 15° 2.6 X10-5 yey) Kolthoff 
CB Ol ge eR IA eee 15° (b gover 7.0 Weise and Levy 
OGARIC ton a ays Sato cles = Sax aisle ws Use en Oat (Uae! 6.05 Kolthoff 
LOGE ye 7 ne ee 40° 4.1 X10-12 11/239: Wood 
WOICINCME ST Ss. Sie hee oe 3 Ae ares a ths 10-14 14.0 Weise and Levy 
Cae SMU NR ere Core ira © vec looses oh 5 15% 4.5 x10-13 12235 Kolthoff 
Me Gonine:seaecn: sare so ew ‘: 25° 1.3 10-3 2.89 Bredig 
Conner seas see assem. seas: 15° See 0r4 Bal Kolthoft 
DGS oh ee ae ee ee eee ISS 6 10-12 11.22 Kolthoft 
LS 6 ee ee | oe 1.98 10-6 5.70 Veley (2) 
eRe es 6 coc eeere reece 15e eZee Solty Kolthoff 
Second Stepoi s/s ae:. ci nie « aie Ree d= X10=6 5.30 Weise and Levy 
DECOMGL SEERG ster wrsiele acrasioi aisles 152 Paned >a hUeath 6.64 Kolthoff 
PR eCTABOUTE Seles vlsiciess cicye-ete%0. 250.0 15° 1.10) < 1057 7.0 Veley (2) 
TUR CY Oe a EE ea 15° a7 aki 7.77 Kolthoft 
Wine aOHNe aro. a iettls.o stais-og a0 4s 15° 3.6 X10-10 9.44 Veley (2) 
ROT PERE I ono. tray Biarerscalnval nv ovns: ov Ibs 6.8 X1077 6.17 Kolthoff 
INSreeIne eh co ceie hide dre siiea ais [bs 22 <0 10.7 Kolthoff 
PNANCORIME Giri: cie fe Gin Sie f sceiae 152 ZI 1058 7.10 Veley (2) 
INATCOEIMES =. Nocsace cee once ec 15° 35 X< 10-8 7.83 Kolthoff 
INFcObIE ries ceare rss aarc eerie aes Be vi bret Kilts 6.16 Kolthofft 
Second Stepey arsearcies sees o.<r0 ete 1.4 x10-1 10.86 Kolthoft 
PP ADAVETINE MY tocevanercioscierrcueist ss 81a = Ge on << 10-8 7.05 Veley 
Paria VET = /5/-40o ais eis: staaaidsrit Les 8.15 10-9 8.09 Kolthoff 
PSA MSOSEREMAIIE os /e1.5 0) nave o olate rene vee 15° 7.6 X<1ORT 6.12 Kolthoff 
Physostigmine sn. 0. access aida 15° 5.7 <10-13 | 12.24 Kolthoff 
(Ripere sie aersaies corer clase, eate’srctarae sy 235) 6.4 *10-5 4.19 Bredig 
SecondisteD: welt ow eects st xionst 155 3.7 X 10-9 8. 43 Kolthoft 
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TABLE I11—Continued 


Name - ae Constant ie a ‘ Investigated by 

Piperidine ia .c jena natens ac siete 25° 1.6 «10-3 2.80 Bredig 
PIPETINCAM eel atanacienlae gine cites hee 1.0 x10-14 14.0 Weise and Levy 
Piperinetcse aac tes ieiceutearncre 18° 5.8 K 10-18 1Ze22 Kolthoff 
PHOCATPINE +.) orrenen sunk taieu ents ee 15° 1.0 x1077 7.00 Veley 
Pilocarpine ne jena d.auie Hauese a 15S 7 X<1038 TAS Kolthoff 

Second. stepaynsinshommiseereetan es ( Ie 4.2 K10-11 10.39 Veley 

Second stepen atten er is [oie 2 10-18 1227. Kolthoff 
PyTidine Parcs cereale eewl emia Disa 2.8 << 10-9 8.64 Lunden 
Pyridine fice s.ssine enn ear ares 15° 1.25 10-9 8.90 Kolthoff 
Quinidines «sr cles seisrerto a ee 15° 2.4 x107 6.62 Veley (2) 
Quinidines . jas os sears Ae 15 3.7 X10-6 5.43 Kolthoff 

Second: steprne sae anisaa meres 15° 3.2 10-10 9.50 Veley 

Secondistepiscacers tetanic: core less 1.0 X 10-10 10.0 Kolthoff 
Quinine. ent aaa res 15? D2 S10 6.66 Veley 
Quininete 4 a iscamenone te eer 156 1.08 10-6 5.97 Kolthoff 

Secondistepaese-eereeies eine HBSS 3.3 X 10-10 9.48 Veley 

Second'step) acces tenn os oe east 103° 5<10—10 E89 Biddle 

SECON Step fons anon sone cas 152 1.35 10-10 9.88 Kolthoff 
Ouinolinéja.eee cm ecuxacoensees 159 15656 105° 8.8 Veley (2) 
Quinolinesveasn snescroccmsaa ae 152 3.2) X 10-10 9.5 Kolthoff 
Solaninesnmtemacecociemiepareote esas 15° Zee CORA 6.66 Kolthoff 
SParbeiwer evar ceresve wo ectrnever ae woes Aol 1.0 «10-2 2.00 Weise and Levy 
SPALLEINE se cris eisai cbs Pera oe ee 152 BS Ors 2.24 Kolthoff 

Second isteprcaselsci sisi encast Saket 10-6 6.0 Weise and Levy 

Second step ostsaeen cmd reac us 2 S<tozie 9.5 Kolthoff 
Sails chopocacamoodec nace 15° 1.43 10-7 6.85 Veley 
Strychninew-viae ses crns seas ee ta 153 1.0 x 10-6 6.0 Kolthoff 

Secondistep 4 .nacmaeaee see los 6.0 X10-11} 10.22 Veley 

Secondstep. passecesin oe crs pie 2 X10-2 Rly A Kolthoft 
Mhebainenn. sireweeek ee ne sie che 158 Oy <u 6.05 Kolthoff 
(heobromine.ioe qccmelemcto es conse: 40° 4.8 x 10-14 13232 Wood 
Theophyllinesesaasinn a ostun<cts Zo- 19 SCOR 13°72 Wood 
heophylline gterscinerssuoreteletensr tee 1.2 <10-4 13:92 Weise and Levy 

LITERATURE 


| 


InorGANIc AcIDS AND BASES 


Abbott and Bray: J. Am. Chem. Soc., 31, 729, 760 (1909). 

Auerbach and Pick: Arb. a. d. Reichs-Gesundheitsamte, 38, No. 2 (1911). 
Auerbach and Zeglin: Z. physik. Chem., 103, 178 (1923). 

Blanchard: Z. physik. Chem., 41, 681 (1902); 51, 122 (1905). 

Bredig: Z. physik. Chem., 18, 191, 322 (1894). 

Hastings and Van Slyke: J. Biol. Chem., 53, 259 (1922). 

Jellinek: Z. physik. Chem., 76, 257 (1911). 

Joyner: Z. anorg. Chem., 77, 103 (1912), 


TABLES 253 


Kerp and Bauer: Arb. a. d. Reichs-Gesundheitsamte, 26, 299 (1907). 

Knox: Trans. Faraday Soc., 48 (1908). 

Kolthoff: Z. anorg. Chem., 109, 69 (1920); Rec. trav. Chem., 43, 216 
(1924). 

Lunden: J. de chim. phys., 5, 574 (1907). 

Luther: Z. Elektrochem., 18, 297 (1907). 

Noyes and Stewart: J. Am. Chem. Soc., 32, 1133 (1910). 

Prideaux, E. B. R. and Ward, A. T.: J. Chem. Soc., 125, 423 (1924). 

Walker and Cormack: J. Chem. Soc., 27, 5 (1900). 

Whitman, W. G., Russell, R. P., and Davis, G. H. B.: J. Am. Chem. 
Soc., 47, 70 (1925). ; 

Wood: J. Chem. Soc., 98, 411 (1908). 


OrGANIC AcrIDS AND BASES 


Biddle: J. Am. Chem. Soc., 37, 2092 (1915). 

Bredig: Z. physik. Chem., 18, 191, 289 (1894). 

Chandler: J. Am. Chem. Soc., 30, 694 (1908). 

Drucker: Z. physik. Chem., 49, 563 (1904). 

Franke: Z. physik. Chem., 16, 463 (1895). 

Jones and co-workers: Am. Chem. J., 44, 159 (1910); 46, 56 (1912). 

Kolthoff: Z. anorg. Chem., 111, 50 (1920). 

Lunden: J. chim. phys., 5, 145 (1907). 

Madsen: Z. physik. Chem., 36, 290 (1901). 

Ostwald: Z. physik. Chem. (1) 3, 170; (2) 241; (3) 369; Tables 418-422. 

Roth: Ber., 33, 2032 (1900). 

Rothmund and Drucker: Z. physik. Chem., 46, 827 (1903). 

Veley: J. Chem. Soc., 93,.652, 2122 (1908); 95, 1, 758 (1909). 

Walden: Z. physik. Chem., 8, 433 (1891); 10, 563, 638 (1892); Ber., 
29, 1699 (1896). 

Weise and Levy: J. chim. phys., 14, 261 (1916). 

White and Jones: J. Am. Chem. Soc., 32, 197 (1910). 

Winkelblech: Z. physik. Chem., 36, 546 (1901). 

Wood: J. Chem. Soc., 89, 1831 (1906). 


254 


TABLES 


TABLE IV 


TRANSITION RANGE OF INDICATORS 


Transition Amount of 
Indicator Range Acid—Alkaline Color Indicator per 
in pu 10 ce. 
Meth viivioletaepmercin eric enue 0.1— 1.5 | Yellow to blue 3-8 drops 0.5% 
Methyl violetesseaenniaeeseicrce tor 1.5- 3.2 | Blue to violet 1-4 drops 0.5% 
IMethanili vellowreceiccise sic reietrian 1.2- 2.3 | Red to yellow 3-5 drops 1% 
Thymol sulphone phthalein........... .| 1.2- 2.8 | Red to yellow 2-5 drops 1% 
BEropensim: OO seteterrecitersierste ratio sleee 1.3- 3.2 ! Red to yellow 1-3 drops 1% 
Benzo PULpurin ss asians lee a 1.3— 5.0 | Blue violet to orange 1-3 drops 0.5% 
B_Dinitro-phenolacare etter 2.4— 4.0 | Colorless to yellow 1-4 drops 1% 
@-Dinitro-phenol-jeritee)o ics e -iey=st ea 2.8- 4.4 | Colorless to yellow 1-4 drops 1% 
Methyl yellows cevsncmnitncei= nicer: 2.9- 4.0 | Red to yellow | 5-10 drops 1% 
(dimethylaminoazobenzene) 

Methyl orange scene sie crete ine hc 3.1- 4.4 | Red to orange yellow 3-5 drops 1% 
Tetrabrom phenol sulphone phthalein..| 3.0- 4.6 | Yellow to blue | 2-5 drops 1% 
Congolrediir treme «serie ctects ee tteriatn: 3.0- 5.2 | Blue violet to red 1-5 drops 1% 
Sodium alizarine sulphonate.......... 3.7- 5.2 | Yellow to violet 1-5 drops 1% 
Resazuvineg 4 gator ve cersaut se we’ caper 3.8- 6.5 | Orange to dark violet 1-5 drops 1% 
7y-Dinitro-phenol...)......0..--.00-06 4.0- 5.4 | Colorless to yellow 1-5 drops 1% 
Brom\cresol) blues. cmas <n oie ra 4.0- 5.6 | Yellow-blue 1-3 drops 1% 
Pso-picramiciacidijajs. 41-61 ee 4.1— 5.6 | Rose to yellow 1-5 drops 0.5% 
Methyl rede Sccins srt veine sre carne 4.2- 6.3 | Red to yellow 2-4 drops 2% 
MA CMOIM Ar yer eyes lee esis ersmaeetecs ae 4.4- 6.4 | Red to blue 1-5 drops 2% 
Chlor phenoltired ae. 0y.) fea ee 5.0- 6.6 | Yellow-red 1-3 drops 1% 
p- Nitro-phenolinencc-i-ic nea sisters 5.0- 7.0 | Colorless-yellow 3-20 drops 4% 
Dibrom cresol sulphone phthalein..... . 5.2- 6.8 | Yellow to purple 1-4 drops 1% 
Dibrom thymol sulphone phthalein....| 6.0- 7.6 | Yellow to blue 1-4 drops 1% 
Neutral reds ciererccitcls erro corse ueleen once 6.8- 8.0 | Red to yellow 2-4 drops 1% 
am=Nitro-DhenOl ic. «<1. + se1eeices sata oleieie 6.8— 8.4 | Colorless-yellow 5-10 drops 3% 
PAZOLibrai MN (Lbs) yerereyatelele stele state 5.0- 8.0 | Red to blue 10-20 drops 2% 
Phenol sulphone phthalein............ 6.8- 8.0 | Yellow to red 1-4 drops 1% 
Rosle acid ee sierssciseici acne is Je .saiees 6.9- 8.0 | Brown to red 1-4 drops 1% 
Diortho-hydroxy-styril ketone.........| 7.3- 8.7 | Yellow to green 1-5 drops 0.5% 
o-Cresol sulphone phthalein........... 7.2- 8.8 | Yellow-purple-red I-4 drops 1% 
Brilliant yellows sets loci iscsi 7.4- 8.5 | Yellow-red-brown 1-3 drops 1% 
@-Naphthol phthalein: ...........+-.... 7.3- 8.7 | Rose to blue 2-5 drops 1% 
Mropeolin OOO rrcsrvsts syarsciclsterom ude nore 7.6- 8.9 | Brownish yellow to rose-red| 1-5 drops 1% 
Murmenies (Curcuma) oer eerie 7.8- 9.2 | Yellow to red-brown 1-5 drops 1% 
Thymol sulphone phthalein,.......... 8.0- 9.6 | Yellow to blue 1-4 drops 1% 
Phenoliphthaleinteme ts. c eats aces 8.2-10.0 | Colorless to red 3-20 drops 1% 
a-Naphthol benzene................. 9.0-11.0 | Yellow to blue 1-5 drops 0.5% 
ethymolophthaleiermrmer ears 9.3-10.5 | Colorless to blue 3-10 drops 1% 
PAlizarines yellow amber corer 10.1-12.1 | Yellow to lilac 5-10 drops 1% 
Salicyl:vellowsys meme ae Gives crsasi okes 10.0-12.0 | Pale yellow-orange brown 1-4 drops 1% 
Tropeoliny O epee pire cui-lcsiie dale 11.0-13.0 | Yellow-orange brown 5-10 drops 1% 
Alizarmesblue! Spwigsiie osm ec we co siae 11.0-13.0 | Green to blue 1-5 drops 0.5% 
Poikniens| Dillengtaseeeerc rss ee 11.0-13.0 } Blue to violet rose 1-5 drops 1% 
Nitraminesa-tisaeee cocsies ccvanaeemace 11.0-13.5 | Colorless to orange brown 


) 


1-3 drops 1% 


eS ee a ee 


Colorless 
Yellow Colorless 
f 


YetlowlO 
Colorless 


Yollow 


8 Yellow Red Greenish. g 
Blue 


Blue Browa 42 Purple 13 
u \ 


AUTHOR INDEX 


Note.—The numbers in parentheses that follow page numbers refer to sections 


of the bibliographies. 
appears on page 54, section 25. 


A 


Asgort, G. A., 252 

AcrEE, 5. F., 150, 174, 186 (15), 187 
(40), 219 (34), 238, 247 (11) 

Apams, E. Q., 54 (25) 

Apter, L., 218 (31) 

ALLEMAN, O., 219 (32) 

Aron, H., 71, 104 (17) : 

ARRHENIUS, O., 197, 217 (18), 218 (30) 

ARRHENIUS, S., 38 (1) 

Aston, E., 46, 54 (11) 

ATKIN, W. R., 217 (29) (30) 

Arxins, W. R. G., 218 (30), 219 (31) 

AUERBACH, F., 133 (7), 193, 196, 215 
(7), 216 (15), 217 (28), 252 


B 


Bauiey, C. H., 218 (31), 219 (31) 
Baker, G. C., 215 (5) 

awe, j.C. 211, 212° 219 (32) 
BALDERSTON, L., 217 (29) 
BANERJE, N. L., 216 (19) 
Baratt, J. O. W., 202, 216 (24) 
Baor, E., 253 

Bayus, J. R., 215 (4), 216 (19) 
Beans, H. T., 38 (1), 248 (4) 
Becxourts, H., 116 

Beer, A., 235, 246 

BERNTHSEN, A., 235, 247 (10) 
BIDDLE. He Cr) 255 

BIEHLER, W., 168, 187 (29) 
Brery, H., 215 (5) 

Birce, A. F., 247 (11) 


Thus Apams, E. Q., 54 (25) means that the reference cited 


Bisnop, E. R., 93, 104 (28) 

Byerrum, N., vi, viii, 16, 49, 51, 52, 
54 (25), 58, 103 (1), 105, 109, 133 (1), 
157, 216 (24), 217 (30) 

Brarr, A. W., 217 (30) 

BLANCHARD, A, A., 252 

Brum, W., 149, 186 (14), 207, 217 (28) 

Boers, A. R., 37, 39 (14), 124, 133 (10) 

BocuE, R. H., 217 (29) 

Bout, A., 38 (1), 87, 248 (2) 

Booxer,, L. L., 151, 186 (17) 

Borsook, H., 46, 54 (9) 

BRADFIELD, R., 218 (30) 

Brawn, K., 93, 104 (28) 

BRAY. W. C2252 

BREDIG (Ge, 5422) 92525)253 

Brewer, P. H., 218 (30) 

Brewster, J. F., 213, 214, 219 (33) 

BricHtman, C. L., 174, 187 (40) 

BricutTon, T. B., 38 (1) 

Brope, W. R., 166, 187 (26) 

Brown, J. H., 151, 186 (17) 

Brown, S. M., 217 (30) 

Brunner, L., 216 (24) 

isyenxessste, Ie Si, ily) (EO), ZY (0) 


c 


CampBELL, H. L., 209, 219 (31) 
Camps, J. W., 217 (29) 

(Cavan, 10, 180, iO), 118i) (3) 
Carr, R. H., 218 (30) 
Catucart, P. H., 212, 218 (31) 
CatteTt, G, F., 215 (4) 


255 


256 


CuHanptER, E. E., 39 (7), 216 (23), 253 

CHEADLE, F. M., 219 (34) 

Cuestnut, V. K., 218 (30) 

CHRISTENSEN, H. R., 218 (30) 

Crark, W. M., viii, x, 58, 60, 61, 72, 
73, 74, 103 (2, 6), 110, 134, 135, 136, 
137, 139, 140, 141, 148, 159, 166, 169, 
178, 186 (5, 21), 189, 209, 215, 219 
(32, 35), 231 (2), 238 

Conen, A., 61, 72, 104 (7, 19), 110, 
133 (3) 

Couen, W. B., 61, 75, 104 (8) 

Conn Bas, 212) 218° (31) 

Conn, R., 93, 104 (28) 

Corrarz, BH. Ay 218 G1) 

Conner, D., 218 (30) 

CopELAnp, W. R., 197, 216 (17) 

Cormack, W., 253 

CouRSAGET, P., 232 (2) 


D 
Darmer, J., 219 (31) 
Dasster, A., 64, 104 (11) 
Daves, G., 207, 207 (29) 
Davipsonn, H., 47, 54 (21) 
BYNES, (Ge Tak. IB 2S) 
Dawson, L. E., 189, 215 (2) 
Demoton, A., 218 (30) 
Denuam, H. G., 202, 216 (24) 
Dernsy, K. G., 46, 54 (14) 
Descrez, A., 215 (5) 
Devarpa, A., 219 (32) 
Duar, N., 39 (7), 216 (23) 
DAT TARE AS Keno On (/) mee LOn (23) 
Dietricu, W., 162, 187 (23) 
Dooce, F. D., 136, 186 (9) 
Drucker, K.; 253 
DusBovux, M., 218 (31) 
Duncomsg, E., 219 (32) 
iDjenteym, 12, Zi (Gil) 
Duval, M., 215 (5) 


E 


WBERTY Wee lii2endsiin(so) 
EcKWEILLER, H., 45, 54 (2) 
Eppy, H., 197, 216 (19) 
EMSLANDER, F., 218 (31) 


AUTHOR INDEX 


ENKLAAR, J. E., 39 (7), 216 (23) 

Euter, H. von, 46, 47, 54 (7), 206, 216 
(26) 

Evans, C. L., 216 (25) 


F 


FasiAn, IF. W., 219 (34) 

Fates, H. A., 38 (1), 248 (4) 

Fax, K. G:, 45, 54 (2) 

Fets, B., 23, 39 (10) 

Fe.ton, L. D., 151, 186 (17) 

FEenGER, F., 219 (34) 

Fisner, E. A., 217 (30), 218 (30) 

Foster, S. B., 217 (29) 

FRANCHIMONT, A. P., 71 

FRANCKE, E., 253 

FRESENIUS, W., 231, 232 (10) 

FREUNDLICH, H., 232 (9) 

FRIEDENTHAL, H., 3, 38 (2), 169, 187 
(30) 

FRIEDLANDER, 235, 247 (11) 


G 


Gatney, P. L., 217 (30), 218 (30) 

Gatton, A. F., 217 (29) 

GautTiER, C., 232 (2) 

GEBELIN, J. A., 219 (33) 

Girtesprm, Lye). 1541555 56st Sie 
159, 186 (19, 21), 209, 218 (30), 
231 (1) 

GrRIBALDO, D., 4 

GJALDBAEK, J. K., 217 (30) 

Gtaser, F., 70, 71, 104 (15), 221, 229, 
2302313) 

Gotpscumipt, F., 93, 104 (28) 

Goopwin, H. M., 216 (24) 

GOPPELSROEDER, F., 232 (9) 

Gortners, R. A., 218 (31) 

GraBowskI, J., 68 

GREENFIELD, R. E., 215 (5) 

GrUBLER, G., 62, 72 

Grtnuvt, L., 196, 216 (14), 231, 232 
(10) 

GuILLaunmy, C. O., 217 (28) 

GyEMANT, A., 61, 75, 91, 104 (9), 160, 
161, 163, 165, 179, 184, 186 (22) 


AUTHOR INDEX 


H 


PANS As RG. 220. 2202322) 

Hacer, G., 218 (30) 

HALBEN, W. von, 172, 187 (36) 

HALE. A. J:, 69 

Hattstr6ém, J. A., 133 (3) 

Hanpa, M., 235, 247 (5) 

Hannan, F., 192, 215 (5) 

Hantzscu, A., viii, 55, 90, 233, 235, 
236, 237, 239, 240, 245, 246, 247, 
247 (8, 9, 14) 

Harpuper, K., 217 (28) 

Harris, L. J., 46, 47, 54 (6) 

Harvey, E. N., 219 (32) 

Hastincs, A. B., 194, 215 (8), 252 

HatrFietp, W. D., 155, 186 (19), 197, 
216 (17, 19) 

Hersic, H. M., 197, 216 (17) 

Hemet, J., 211, 219 (31), 226, 232 (6) 

HeEnverson, L. J., 168, 187 (27), 212, 
218 (31) 

HEYDWEILIER, A., 2, 38 (1), 87, 190, 
215 (3), 248 (1) 

HEYMANN, J., 215 (5) 

Hickman, K. C. D., 110, 133 (4) 

Hicutey, H. P., 206, 217 (27) 

HILDEBRAND, J. H., 93, 104 (28), 149, 
186 (13), 231 (2) 

Hinp, W. L., 218 (31) 

Hinz, E., 196, 216 (14) 

Hirsu, R., 93, 104 (28): 

Hisstnx, D. J., 218 (30) 

Hoactunp, D. R., 217 (30) 

HorMBerG, B., 46, 47, 54 (16) 

Hoimcren, I., 229, 232 (9) 

Hormes, W. C., 159, 166, 186 (21), 187 
(26) 

Hortincer, R., 70, 104 (16) 

Hunpie, J., 208, 217 (30) 

Hupson, C. S., 38 (1) 

Hunter, A., 46, 54 (9) 

Hurp, A. M., 218 (30) 

Hurst, L. A., 231 (1) 

Hurwiziz, S. H., 162, 187 (28) 


i 
Jackson, D. H., 215 (5) 
Jetunek, K., 252 


257 


JENSEN, S. T., 218 (30) 
Jessen-HaAnseEn, H., 212, 218 (31) 
Jounson, A. H., 218 (31) 
Jounson, H. W., 218 (30) 
Jounston, J., 47, 54 (18), 133 (7) 
Jorre, J. S., 217 (30) 

JONnS) HEe@y 235,253 

JosrpH, A. F., 218 (30) 

Joyner, R. A., 252 

‘Junius, hs, x7 62) 

June, A., 207, 217 (28) 


K 

Kanitz, A., 46, 47, 54 

Kanort, C. W., 38 (1), 248 (4) 

Karusson, K. G., 206, 211 (24) 

KAsiis, Jou. 216720) 

Karo, Y., 38 (1), 248 (4) 

Kettey, A. P., 218 (30) 

Kettey, M. W., 217 (29) 

Kerriey, Wi. PFe2i7 4G) 

Kern, E. J., 206, 208, 216 (27), 217 (29) 

KERNGRON, O., 217 (29) 

Kerp, W., 253 

Kirscanicx, C., 133 (3) 

KitTrepDcE, E. B.. 94, 104 (28) 

Knicut, H. G., 217 (30) 

Know es, G. E., 217 (29) 

Kayox yeas 

Koenic, J. W., 217 (29) 

Koutrauscu, F., 2, 38 (1), 87, 190, 
215 (3), 248 (1) 

Korsaca, P., 162, 187 (23) 

Kottuorr, I. M., vi, 39 (13, 14), 64, 
98, 104 (11, 26, 27), 124, 130, 132, 
USSU Sn Oe LO le Seni a Sieek4Os 
147, 148, 157, 159, 161, 162, 163, 
164, 165, 166, 171, 177, 178, 179, 182, 
186 (12, 21), 187-(24, 25, 35, 39, 44, 
45, 46, 49, 50), 191, 195, 198, 200, 
DiS (3), 216 120705), 218860), 
290, 298 97310) 232 stan 8), 233, 
247 (3), 253 

Konic, J., 196, 215 (13) 

Krticer, R., 75, 104 (9), 160, 171, 179, 
186 (22) 

KRutta, R., 232 (9) 


258 


Kruvyt, H. R., 233, 247 (3) 
Kunz, H., 218 (30) 
Kuster, F. W., 49, 54 (23), 64, 133 (7) 


L 


La Mek, V. K., 209, 219 (31) 

LANDHOLT-BERNSTEIN-ROTH 
38 (5), 216 (24) 

Lance, W., 219 (31) 

LatsHaw, W. L., 218 (30) 

LEGENDRE, R., 196, 215 (11, 12) 

Leuman, G., 39 (11) 

Lescogvr, L., 215 (5) 

LevengE, P. A., 45, 46, 54, (312), 206, 
216 (27) 

Levy, M., 253 

Levy, R. L., 214, 219 (34) 

Lewis, G. N., 38 (1) 

Ley, H., 216 (24) 

LinsTEaD, R. P., 110, 133 (4) 

IbTANSS, Ale Wey THO), ERS 16) 

Lorman, H., 216 (24) 

Loosg, R., 65, 104 (2) 

Lorenz, R., 38 (1), 87, 248 (2) 

LOWENHERZ, R., 38 (1) 

Luss, H. A., x, 58, 60, 61, 72, 73, 103 
(2, 6), 110, 134, 135, 136, 137, 139, 
140, 141, 146, 148, 152, 159, 169, 
186 (5, 21), 209, 219 (35) 

Lucas, R., 232 (9) 

Luers, H., 218 (31), 247 (2) 

LunpDEN, H., 38 (1), 46, 47, 54 (10), 
216 (24), 253 

Lunce, G., 133 (7) 

LutuHer, R., 109, 133 (3), 253 

Lux, F., 133 (7) 


Tables, 


M 


McBan, J. W., 133 (7) 

McC LeEnpov, J. F., 58, 103 (2, 3), 174, 
187 (38), 209, 210, 219 (32) 

McCuure, G. W., 216 (17) 

McCoy, H. N., 38 (7), 80, 81, 94, 104 
(21), 117, 118, 133 (6), 216 (23) 

McDermort, J. R., 215 (5) 

McGeorce, W. T., 218 (30) 


AUTHOR INDEX 


McItvaing, T. C., 149, 186 (15) 
McLaucutin, G. D., 217 (29) 
MacLeop, J. J. R., 219 (34) 

Macut, D. I., 214, 219 (34) 

ManseEn, T., 253 

MatarskI, T., 232 (9) 

MaranD, P., 215 (5) 

Mars, F. W., 171, 187 (32) 

Marsutey, A. E., 219 (32) 

Martin, J., 218 (30) 

Massink, A., 187 (39), 194, 215 (5) 

Massucct, P., 219 (34) 

MatrHews, J. H., 206, 217 (27) 

MeacuaM, M. R., 174, 187 (40) 

ME por, R., 69 

MELLon, R. R., 150, 186 (15), 219 (34) 

Mert, T., 219 (31) 

Merritt, H. B., 219 (29) 

Meyer, C., 208 

Meyer, K. F., 162, 187 (28) 

Meyer, R., 93, 104 (28) 

Micuaetis, L., 23, 39 (9), 44, 45, 46, 
47, 49, 54.1, 13; 21, 24); 61, 75,915 
103, 104 (9), 134, 157, 160, 161, 162, 
163, 164, 165, 171, 179, 183, 184, 185, 
186 (1, 22), 187 (34, 51), 195, 197, 
206, 215 (1, 9), 216 (16, 27), 217 (28), 
219 (35), 231 (2), 248 (3) 

Miter, R. C., 174, 187 (42) 

MILLER, W., 133 (7) 

MizutTant, M., 103, 184, 185, 187 (51) 

Moerk, F. X., 109, 133 (3) 

Morrart, M. J., 219 (34) 

Morres, W., 211, 219 (32) 

Morrison, C. B., 218 (31) 

Morse, F. W., 217 (30) 

Morray, J. K., 219 (32) 

Myers, V. C., 151, 186 (47) 


N 


Nakasuima, T., 45, 54 (3) 

Netson, J. M., 38 (1), 248 (4) 

NeERNST, W., 38 (1) 

Noves, A. A., 20, 21, 38 (1, 7), 39 (8), 
90, 104 (22), 106, 107, 133 (2), 201, 
216 (23), 248 (4) 

Noyes, H, M., 45, 54 (2) 


AUTHOR INDEX 


O 
Oakes, E. T., 38 (1), 248 (4) 
OBERMAIR, W., 219 (32) 
OtsEN, C., 217 (30), 218 (30) 
OtszEwsk1, W., 215 (5) 
OsTENBERG, Z., 162, 187 (28) 
OstWALp, WILHELM, viii, 6, 7, 8, 55, 
93, 233, 234, 235, 239, 242, 243, 245, 
246, 247 (1), 253 
OsTWALD, WOLFGANG, 232 (9), 233, 
247 (2) 
Pp 


Patitzscu, S., 59, 65, 68, 104 (13, 14), 
34,9436, 137, 145. 171; 172,-173, 
180, 186 (4, 7), 187 (33, 37, 48), 195, 
196, 215 (10) 

Parsons, N. M., 18 (31) 

Paut, Tu., 47, 54 (20), 213, 218 (31) 

Perkins, N. E., 219 (33) 

Peterson, A. C., 219 (31) 

Prcx, H., 215 (7), 217 (28), 252 

Power, F. B., 218 (30) 

Pratotonas, U., 218 (30) 

Prescott, J. A., 218 (30) 

PripEzux, E. B. R., viii, 62, 104 (10), 
133 (13), 150, 186 (16), 193, 216 (20), 
Don (ayes iuts), 2o5 

Prince, A. L., 217 (30), 218 (30) 

Procter, H. R., 217 (29) 


R 


Rares, W. G., 213, 214, 219 (33) 

Ramace, W. D., 174, 187 (42) 

RamAnn, E., 186 (21) 

REQUIER, J., 219 (34) 

REVERDIN, F., 71 

Rice, F. E., 219 (32) 

RicuTer, A., 91, 104 (23), 128, 133 (12), 
177 

Rincer, W. E., 136, 137, 147, 186 (8), 
195, 215 (11) 

Rrret, A., 214, 219 (34) 

Rospertson, P. W., 235, 246, 247 (9) 

RockweELL, G. E., 217 (29) 

Rompurcu, P. von, 71, 104 (18) 

Rona, P., 46, 54 (13), 187 (34), 217 
(28) 


259 


ROSENSTEIN, L., 82 
Rotu, W. A., 253 
Rotramunp, V., 253 
Rupp, E., 65, 104 (12) 
RUSSHUE Ny P2005 


S) 


SABALITZSCHKA, T., 39 (7) 

SALLINGER, H., 186 (21) 

Sarm, F., 59, 103 (4), 169, 187 (31), 198, 
216 (20), 235, 247 (6) 

SAUNDERS, J. T., 153, 174, 175, 177, 
186 (18), 187 (43), 193, 215 (6) 

SCHMATOLLA, O., 93, 104 (28) 

Scumipt, H., 232 (9) 

Scumitz, H. W., 151, 186 (17) 

ScHortz, M., 93, 104 (28) 

ScHoort, N., ix, 7, 8, 30, 38 (4), 39 (12), 
76, 85, 104 (20), 111, 133 (5), 138, 
186 (10) 

SCHULTZ Ga x O2 

somasy, IN, IDE Kee (il7) 

Scovitte, W. L., 219 (34) 

SEBASTIAN, R. L., 38 (1) 

SEWEL, T., 217 (30) 

Seymour, F. L., 217 (29) 

SHarp, L. T., 209, 210, 217 (30) 

Suarp, P. F., 218 (31), 219 (32) 

SHERMAN, H. C., 209, 219 (31) 

Suout, A. T., 214, 217 (28), 219 (34) 

Simms, H. S., 45, 46, 54 (3, 12), 206, 
216 (27) 

SyOstrom, O, A., 219 (33) 

Stacie, E. A., 150, 186 (15), 219 (34) 

SmitH, W. A., 216 (23) 

SNETHLAGE, H. C. S., 244, 247 (13) 

Snyper, E. F., 159, 186 (21) 

SORENSEN, S. P. L., 3, 23, 38 (3), 42, 44, 
45, 54 (4), 59, 60, 62, 68, 76, 82, 83, 
103 (5), 104 (14), 134, 135, 137, 138, 
139, 142, 143, 144, 145, 167, 169, 
ik, GD, NAGS, SMSO), TISIL, alte) (2, iil), 
187 (33, 37), 195, 196, 203, 215 (10), 
218 (31), 226, 248 (4) 

Sosman, R. B., 38 (1), 248 (4) 

SPEK, J. v. D., 218 (30) 

SPENGLER, O., 93, 104 (28) 


260 


Stewart, M. A., 253 

STEPHENSON, R. L., 217 (30) 
STIEGLITZ, J., viii, 239, 247 (12) 
Sturm, W., 217 (30) 

SVANBERG, O., 206, 216 (26) 
Swanson, C. O., 218 (30), 219 (31) 
Swett, M., 214, 219 (34) 
Szyszkowsk1, B. von, 171, 187 (34) 


Ly 


Tacus, E. L., 46, 47, 54 (15), 218 (30), 
219 (31) 

Tanner, H. G., 214, 219 (33) 

THERON, J. J., 218 (30) 

Turret, A., viii, 64, 92, 104 (11, 28), 
234, 237 (4), 247 (11) 

Tuomas, A. W., 217 (29) 

Tuoms, H., 39 (7) 

THompson, F, C., 211 (29) 

Tiritmans, J., 191, 215 (5), 219 (32) 

TINGLE, A., 231 (2) 

Tizarp, H. T., 37, 39 (14), 104 (24), 124, 
133 (10), 202, 216 (20, 24) 

Tower, O. F., 38 (7) 

TRENEL, M., 218 (30) 

Trevor, J. E., 38 (7) 

TRIBUSy Le eel (4) 

TuRRENTINE, J. W., 213, 219 (33) 


U 
Uteata, V., 196, 215 (12) 


Vv 
Van ALVINE, E., 156, 157, 186 (20, 21) 
Van Rompure, P., 71, 104 (18) 
VAN SLYKE, D. D., ix, 24, 29, 39 (11), 


135, 148, 149, 211, 212, 219 (32), 252 | 


VELEY, V. H., 202, 216 (20, 24), 253 
VERSCHAFFELT, J. E., 7, 38 (4) 
VESTERBERG, K. A., 216 (24) 

Vues, F., 166, 187 (26) 


AUTHOR INDEX 


W 

WappELtL, J., 93, 104 (28) 

Wacne_R, C. L., 216 (24) 

Waat, A., 218 (31) 

WatsuM, L. E., 53, 104 (25), 135, 142, 
143, 144, 145, 186 (6) 

WALDEN, P., 253 

WALKER, J., 38 (7), 42, 46, 54 (11), 253 

Watpote, G. S., 134, 168, 186 (3), 187 
(28), 225, 232 (5) 

Warp, A. T., 150, 186 (16), 253 

Warnber, R. B., 133 (7) 

WEGSCHEDER, R., 19, 38 (6), 104 (28), 
235, 247 (7) 

WEISE, G., 253 

WELIs, R. C., 174, 187 (41), 215 (4), 
216 (24) 

Weston, V., 219 (32) 

Wuerry, E. T., 217 (30) 

Wuiston, J. R. H., 104 (24) 

Waite, G. F., 253 

Wurman, W. G., 253 

Wrecner, G., 247 (2) 

Wys, J. J. A., 38 (1) 

Wirxe, E., 133 (7) 

Wittiams, J. R., 214, 219 (34) 

Wittrams, W. J., 219 (33) 

Witson, J. A., 197, 206, 207, 208, 216 
(11, 27), 217 (29) 

Witson, R. S., 219 (34) 

WinpiscH, W., 162, 187 (23) 

WINEELBLECH, K., 46, 47, 54 (5), 253 

Wise, L. E., 231 (1) 

Worman, A., 192, 215 (5) 

Woop, J. K., 47, 54 (17), 216 (24), 253 

WULFKEN, F., 104 (11) 


Z 
ZAWIDZKI, J. v., 47, 54 (19) 
ZEGLIN, H., 252 
ZOLLER, H. F., 187 (47) 


He 


SUBJECT INDEX 


(Notr.—alpha-, beta-, gamma-, ortho-, meta-, para-, etc., compounds are 
listed under A, B, G, O, M, P, etc., e.g., alpha-dinitro phenol will be found 


under A.) 


A 
Aci-compounds, 236ff 
Acid, acetic, apparent dissoc. constant, 
245 
neutralization of, 34, 35, 36, 124 
pu of solutions, 9 
amino. See Amino-acids 
aspartic, [H*] of, 44 
boric, for buffer solutions, 138 
boric, neutralization of, 34, 35, 124, 
130 
carbonic, determination of 
amounts, 191 
titration, as monobasic acid, 118 
citric, for buffer solutions, 138 
titration of, 124 
meta-amino benzoic, [H+] of, 43 
phosphoric, titration as monobasic 
acid, 120, 124 
phthalic, [H*] of solutions, 11 
succinic, for buffer solutions, 139 
sulphurous, 121 
tartaric, [H*] of solutions, 12 
titration of, 124 
uric, solubility and py of, 207 
See also Acids 
Acid error of indicators, 169ff 
Acid exponent, pra, 6 
Acidity, titration, 12 
true, 12 
Acid salts, [H*] of, 20ff 
Acids, 5 
degree of dissociation of, 6 
degree of dissociation, graphic deter- 
mination, 8 


small 
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Acids, determination by titration, 131 
dibasic, 9 
[H*] of solutions, 10ff 
dissociation constants of, 5 
determination of, 197 
polybasic, 201 
tables, 13, 249ff 
hydrogen-ion concentration of, Sff 
pseudo, 236 
testing purity of, 197ff 
Alcohol, effect on dissociation constants, 
102 
effect on quality of color, 95 
effect on sensitivity of indicators, 92ff 
Alcohol error, 183ff 
table of, 184 
Algae, effect of growth on py, 196 
Alkali bicarbonates, purity of, 203 
Alkali carbonates, purity of, 203 
Alpha dinitro phenol, 160 
salt error of, 179 
transition interval in pr, 61 
Alpha naphthol orange. See Tropeclin 
000 
Alpha naphthol phthalein, 67-68 
effect of alcohol on, 96 
salt error of, 173-174, 196 
Alum, purity of, 205 
Aluminum hydroxide, precipitation of, 
207 
Aluminum sulphate, purity of, 205 
Alizarine, 68 
Alizarine blue, 69 
Alizarine paper, 227 
Alizarine yellow, G. G., 59, 61 


262 SUBJECT INDEX 


Amino-acids, ampholytic nature of, 51 


dissociation constants of, table, 52 
equilibrium with hybrid ions, 53 


Ammonium acetate, [H*] of solutions, 


205 
hydrolysis of, 19 


Ammonium chloride, [H*] of solutions, 


16 


Ammonium formate, [H+] of solutions, 


205 
hydrolysis of, 19 
Ammonium oxalate, testing of, 205 
Ammonium salicylate, testing of, 205 
Ammonium succinate, testing of, 205 
Ampholytes, 23, 40 
minimum solubility of, 206 
Amphoteric compounds, 39ff 
acid function of, 39 
basic function of, 39 
dissociation constants of, 40 
apparent, 51 
tables of, 46, 47 
true, 51 
ions of, 64 
isoelectric point, 44ff, 206 
neutralization of, 48 
Aniline yellow. See Tropeolin 00 
Apparent dissociation constants, 243 
Azolitmin, 59, 70 
effect of alcohol on, 97 
Azolitmin paper, 227 


B 
Bases, 5 
dissociation constants of, 12 
tables of, 13, 249ff 
pseudo, 236 
weak, [H*] of solutions, 199 
Baso-compounds, 236 
Beer’s law, 235, 246 
Benzopurpurin, 59, 67 
Beta dinitro phenol, 160 
salt error, 179 
transition interval, 61 
Bichromate color standards, 164 
Body fluids, and py, 214 
Borax for buffer solutions, 138 
Boric acid. See Acid, boric 


Bread, methyl red, test of, 212 
Brom-chlor phenol blue, 61 
Brom cresol blue, 61 
advantages of, 75 
Brom cresol purple, 60 
best pu range of, 153 
effect of alcohol on, 97 
salt error of, 174 
Brom phenol blue, 60 
salt error of, 174 
sensitivity ratio for, 100 
Brom phenol blue paper, 227 
Brom phenol red, 61 
Brom thymol blue, 60 
best pu range of, 153 
salt error of, 174 
Buffer capacity, 24 
and composition of buffer, 148 
curves of, 29, 30 
maximum of, 28 
of strong acids and bases, 25 
of water, 25 
of weak acid and salt, 26 
Buffer index, 24 
Buffer mixture, 22ff 
effect of temperature on, 149 
standard for [H*] determination, 134, 
135; table, 137 
biphosphate-sod. hydroxide (Clark 
and Lubs), 141 
borax-HCl (Sérensen), 142 
borax-NaOH (Sérensen), 142, 145 
boric acid-borax (Palitzsch), 145 
boric acid-NaOH-KCl (Clark and 
Lubs), 141 
citrate-HCl (Sérensen), 144 
citrate-NaOH (Sorensen), 144 
citric acid-phosphate (McIlvaine), 
149 
glycocoll-HCl (Sérensen), 143 
glycocoll-NaOH (Sérensen), 143 
145 
phosphoric-phenylacetic-boricacids 
(Prideaux and Ward), 150 
potassium biphthalate-HCl (Clark 
and Lubs), 140 
potassium biphthalate - NaOH 
(Clark and Lubs), 140 
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Buffer mixture, standard for [H+] de- 
termination, potassium chlo- 
ride-HCl (Clark and Lubs), 


139 
primary phosphate - borax (Kol- 
thoff), 148 


primary-secondary phosphate (Sé- 
rensen), 142 

secondary phosphate-NaOH 
(Ringer), 147 ; 

sodium carbonate-HCl (Kolthoff), 
146 

succinic acid-borax (Kolthoff), 147 

“universal,” 150 


© 


Chlor phenol red, 61 
advantages of, 75 
Chromate color standards, 164 
Chromophoric theory of indicators, 233, 
235ff 
Citrate buffers. See Buffer mixtures 
Clark and Lubs’ indicators, 72ff 
Cohen’s indicators, 61 
Color change of indicators, 55 
and chemical constitution, 55, 235 
pu interval of, 55 (see also Transition 
interval) 
tables of, 59, 60, 61 
theories of, 233ff 
Color comparison tubes, 151 
Color intensity function, 160 
Color standards for py determination, 
162 
Colored solutions, pp of, 167 
extraction of colored material, 168 
Colorimeter, Gillespie’s, 156 
Walpole’s, 168 
wedge, 157 
Colorimetric determination of [H*]. 
See under Hydrogen-ion con- 
centration and under pu 
Congo red, 67 
effect of alcohol on, 98 
Congo red paper, 222 
Copper sulphate, testing purity of, 205 
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Cresol red, 60 
best py, range of, 153 
effect of temperature on, 89 
salt error of, 174, 175 
Cresol sulphone phthalein. 
red 
Curcuma. See Turmeric 
Curcumine, 66 
effect of alcohol on, 97 
sensitivity ratio for, 99 


See Cresol 


D 


Dibromo dichloro phenol 
phthalein. 
phenol blue 

Dibromo ortho cresol sulphone phtha- 
lein. See Brom cresol purple 

Dibromo phenol sulphone phthalein. 
See Brom phenol red 

Dibromo thymol sulphone phthalein. 
See Brom thymol blue 

Dichloro phenol sulphone phthalein. 
See Chlor phenol red 

Dichromatism, 73ff, 152 

influence of solvent on, 75 
of sulphone phthaleins, 152 

Dilution law, Ostwald’s, 6 

Dimethyl amino azo benzene. See 
Methyl yellow 

Di orthohydroxy styril ketone, 71 

Diphenyl orange. See Tropeolin 00 

Dissociation (electrolytic), 1 

degree of, 6, 8 

degree of, of salts, 248 

Dissociation constant, of acid, 5, 200 

effect of temperature on, 21 
table, 13, 248 

of acid, dibasic, 9 
monobasic, 197 
polybasic, 201 

of ampholyte, 40 
apparent, 51 
table of, 46, 47 
true, 51 

of base, 200 
effect of temperature, 21 
table of, 13, 249 


sulphone 
See Bromo-chlor 
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Dissociation constant of indicator, 55, 
77 
apparent, 242 
determination of, 157 
table of, 159, 163 
table, 242 
of water, 1 
table of, 2, 248 


E 

End-point. See Equivalence-point; 
Titration exponent 

Equivalence-point, 30, 105 

in titration of mixtures, 121ff 

Error, salt, titration, etc. See Salt 
error, Titration error, etc. 

Esters, maximum stability of, 206 

Excess of reagent to change indicator, 
106 

Exponent, hydrogen, indicator, etc. See 
Hydrogen exponent, etc. 


F 


Ferric chloride, testing of, 205 
Ferrous sulphate, testing of, 205 


G 


‘Gamma dinitro phenol, 161 

salt error of, 179 

transition interval, 61 
Glycocoll buffers. See Buffer mixture 
Gold yellow. See Tropeolin 0 


H 


Hybrid. See Ampholyte 
Hybrid conception, advantages of, 52ff 
Hybrid ions, 49, 64 
Hydrogen exponent, py, 3 
Hydrogen-ion concentration, 1 
and pq, 3, 4 
at isoelectric point, 44ff, 206 
colorimetric determination of, 134 ff 
acid error in, 169 
addition of indicator, 151 
alcohol error, 183ff 
applications of, 188ff 
basis of procedure, 134 
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Hydrogen-ion concentration, colori- 
metric determination of, bi- 
chromate standards for, 164 

buffer mixtures for, 133ff. See 
Buffer mixture. 
chromate standards for, 164 
cobalt nitrate-ferric chloride stand- 
ards for, 166 
effect of temperature on, 182ff 
in alcoholic solution, 184 
protein error in, 180ff 
salt error of, 171ff 
sources of error in, 169ff 
table of indicator exponents for, 
159, 163 
technique of, 150ff 
with indicator papers, 226ff 
without buffer mixtures, 154ff 
in mixture of acids, 36 
in mixture of bases, 37 
of acids, 5ff 
table of, 13 
various, 198 
very weak, 199ff 
of ampholytes, 41ff 
of bases, 12 
table, 13 
very weak, 199ff 
of extracts, 210, 211 
of plant juices, 210 
of salt solutions, 14ff 
of sewage, 197 
of water, distilled, 188ff 
drinking, 190ff 
mineral, 196ff 
sea, 195 
Hydrolysis, effect of temperature on, 21ff 
of salts, 19ff 
degree of, 16ff 
of strong base and weak acid, 14 
of weak base and strong acid, 14 
of weak base and weak acid, 16 
Hydrolysis constant, calculation of 
from [H*], 14 
colorimetric determination of, 201ff 
Hydroxyl exponent, 4 
Hydroxyl-ion concentration, 1 
relation to POH, 4 
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Indicators, acid-sensitive, 76 
aci-forms of, 240 
alkali-sensitive, 76 
anthraquinone group, 68 
azo, 63 
change of, 55ff 
classification of, 76ff 
Clark and Lubs’, 72 
color change of, 55ff 

chromophoric theory of, 233ff 
ionization theory (Ostwald’s) of, 
233 
color intensity, 151ff 
commonly used in titrations, 109 
definition of, 55 
new, 245 
dissociation constants of, 159, 163 
determination of, 157 
for titration, 130ff 
of acids, 131 
of bases, 132 
methyl violet group, 62 
Michaelis’, 75, 160ff 
salt errors of, 179 
miscellaneous, 69ff 
neutral, 76 
one-color, 78ff 
phthaleins, 67ff 
properties of, 62 
pseudo forms, 240 
Sérensen’s, 62ff 
sulphone phthaleins, 72 
theories of, 233ff 
transition intervals of, 254 
two-color, 84ff 
use in quantitative neutralizations, 
110ff 
use of mixtures of, 109 
uses of. See Colorimetric [H+] de- 
termination; pH 

Indicator acids, 56 

Indicator bases, 77 

Indicator concentration, 78ff, 151 
effect on transition interval, 78 

of-one-color indicator, 78 
of two-color indicator, 84 
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Indicator concentration, minimum per- 
ceptible, 79 
optimum for titrations, 109 
Indicator exponent, 82, 159 
definition, 76 
effect of temperature on, 183 
in alcoholic solution, 185 
of Michaelis’ indicators, 163 
Indicator papers, 220ff 
capillary phenomena of, 228 
concentration of indicator in, 222 
determination of [H+] with, 226ff 
preparation of, 229ff 
sensitivity of, 221ff 
factors affecting, 221 
table of, 230 
summary of properties, 228 
Interval of color change. See Transi- 
tion interval 
Tonization, 1 
constant of water, 2, 248 
Jon product, 2 
Tonic theory of indicator action, 233 
Isoelectric point of ampholyte, 44 
(A yatr45 
Isopicramic acid, 69 


K 
Kw or Ky,0; 2 
See Dissociation constant of acids, 
bases, etc. 


L 

Lackmoid, 70 

effect of alcohol on, 97 
Lackmoid paper, 226 
Lactone-quinoid equilibrium, 242ff 
Lactone structure, 238 
Lead acetate, testing of, 205, 206 
Lemon juice, acidity of, 211 
Litmus, 70 
Litmus paper, 230 

sensitivity of, 223 


M 


Meta-amino benzoic acid. See Acid. 
Meta cresol purple, 61 
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Meta cresol sulphone phthalein, See 
Meta cresol purple 
Meta-nitro benzene azo salicylic acid. 
See Salicyl yellow 
Meta nitro phenol, 161 
acid error of, 171 
effect of alcohol on, 185 
salt error of, 179 
transition range of, 61 
Methyl green, 59, 62 
Methyl orange, 64 
effect of temperature on, 92 
nature of color change, 64 
transition interval, 59 
Methyl orange paper, 227 
Methyl red, 64 
effect of alcohol on, 97 
effect of temperature an, 89 
protein error of, 180 
transition interval, 59 
Methyl violet, 62 
effect of temperature on, 92 
sensitivity ratio of, 100 
transition interval of, 59 
Michaelis’ indicators, 75ff 
Milk, testing of, 211 


N 
Neutral red, 65 
effect of alcohol on, 97 
salt error of, 172, 196 
transition interval of, 59 
Neutral red paper, 227 
Neutralization of mixture of acids or 
bases, 128 
of polyacid bases, or polybasic acids, 
117 
of strong acid with strong base, 110 
of weak acid with strong base, 112 
of weak acid with weak base, 125 
of weak base with strong acid, 116 
principle of, 1 
Neutralization curves, 30 
of ampholytes, 48 
of mixtures of two acids, 35 
of strong acid with strong base, 31 
of weak acid with strong base, 32 
of weak acid with weak base, 33 
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Neutralization ratio, 36 
Nitramine, 71 
effect of temperature on, 87 
salt error, 178 
sensitivity ratio, 99 
transition interval, 59 


O 


Ortho cresol sulphone phthalein. See 
Cresol red 

Ostwald’s dilution law, 6, 7 

Ostwald’s theory of indicators, 233ff 


P 


Pancreatin, action on elastin, 207 
Paranitro phenol, 161 
aci-form, 238, 240 
effect of alcohol on, 94, 97 
effect of temperature on, 90 
pseudo-form, 238, 240 
salt error of, 172, 179, 196 
solubility and transition interval, 82 
transition interval of, 61 
Para xylene sulphone phthalein. Sce 
Xylene blue 
pu, 3 
pu, . . . colorimetric determination of, 
150ff 
accuracy of, 153 
applications of, 188ff 
color standards for, 162 
dyes for matching color, 167 
in colored solutions, 167 
in small volumes of liquid, 166, 226 
in turbid solutions, 167 
without buffer mixtures, 154ff 
Gillespie method, 154 
Hatfield modification, 155 
Van Alvine modification, 156 
Michaelis’ method, 157, 160ff 
wedge method, 157 
effect of growth of algae on, 196 
significance in bacteriology, 214 
significance in baking, 212 
significance in biochemistry, 214 
significance in pharmacy, 214 
significance in physiology, 214 
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Pu significance in 
VAR) 

significance in tanning, 207 

of acids, 198 

of beer, 209 

of bread, 212 

of buffer mixtures, 137-149 

of distilled water, 188 

of drinking water, 190 

of fruit juices, 210 

of milk, 211 

of mineral water, 189 

of sea water, 195 

of sewage, 197 

of soil extracts, 208 

and yield of crops, 208 

of wine, 209, 213 

spectrophotometric determination of, 
166 

pu intervals of Clark and Lubs’ indica- 
tors, 60 

of Cohen’s indicators, 61 

of Michaelis’ indicators, 61 

of Sérensen’s indicators, 59 

Pharmaceuticals, importance of py in 

use of, 214 

Phenolphthalein, 68 

best range of application, 161 

carboxylic acid form, 238 

color change of, 238 

color intensity table, 163 

effect of alcohol on, 93, 95 

effect of temperature, 88 

lactone form, 238 

minimum perceptible concentration, 
80 

quinoid form, 238 

salt error, 173, 196 

sensitivity ratio, 99 

titration exponent of, 107 

transition interval, 59 

use in alcoholic solution, 185 

use in titrations, 131 

Phenol phthalein paper, 224 

Phenol red, best pH range, 153 

effect of alcohol on, 97 

effect of temperature on, 89 

salt error, 174 


sugar refining, 
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Phenol red, transition interval, 60 

Phenyl alanine, [H*] of, 42 

Phosphate, primary for buffer solutions, 
137 

secondary for buffer solutions, 137 

Picryl methyl nitramine. See Nitra- 
mine 

px. See Indicator exponent 

Potassium acetate, 203 

Potassium antimonyl tartrate, testing 
of, 204 

Potassium biphthalate, preparation of, 
136 

Potassium iodide-iodate paper, 226 

Protein error, 180ff 

Pseudo acids, 236 

Pseudo bases, 236 


Q 


Quinoid structure, 238 


R 


Reaction, of acid solutions, 198 

of ampholytes, 41 

of a solution, definitions, 3 

of salt solutions, 14ff 

of weak acid and salt, 22 

of weak base and salt, 22 
Reciprocal neutralization ratio, 36 
Regulator. See Buffer 
Resazurine, 69 
Rosolic acid, 69 

effect of alcohol on, 94, 96 


S 


Salicyl yellow (alizarine yellow G. G.), 
66, 75 

best pu range, 161 
color intensity table, 165 
transition interval, 59, 61 

Salt error, 171ff 
at low concentrations, 179 
magnitude of, 172 
nature of, 171-172 
of Michaelis’ indicators, 179, 196 
table of, 177 
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Salts, colorimetric estimation of purity 
of, 202-205 
degree of dissociation of, 248 
hydrolysis constants, 15 
determination of, 201-202 
hydrolysis of, 13ff 
Sensitivity of indicators, effect of 
alcohol on, 92ff, 183ff 
effect of concentration, 78ff 
effect of temperature on, 85ff, 182ff 
tables of, 182, 183 
Sensitivity ratio, S. R. (ratio of sen- 
sitivity in alcohol to sensitiv- 
ity in water), 99ff 
curves of, 101-102 
Sewage, significance of py, 197 
Sodium alizarine sulphonate, 69 
effect of alcohol on, 97 
transition interval, 59 
Sodium bicarbonate, [H*] of solutions, 
21 
Sodium bitartrate, [H*] of solutions, 21 
Sodium carbonate, for buffer solutions, 
138 
Sodium glyceryl. phosphate, testing of, 
204 
Sodium phenol sulphonate, testing of, 
204 
Sodium phosphate, testing of, 203 
Sodium tartrate, testing of, 204 
Sodium pyrophosphate, testing of, 204 
Sodium salicylate, testing of, 204 
Soils, py of extracts, 208 
Solubility minimum of ampholytes, 206 
minimum, of difficultly soluble salts, 
206 
effect of [H+] on, 207 
of indicators, effect on interval, 79, 
84 
Sérensen’s list of indicators, 62ff 


Spectrophotometric determination of 


{(H*], 166 
Sugar, py in refining of, 213 
Sulphone phthalein indicators, 72ff 
dichromatism of, 73, 152 
properties of, 73 
strength of solutions, 73 
transition intervals of, 60, 61 
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My 
Tanning, 207ff 
significance of py in, 207 
Temperature, effect on dissociation of 
water, 2, 248 
effect on hydrolysis, 21 
effect on indicator exponents, 182-183 
effect on py of buffer solutions, 148 
effect on sensitivity of indicators, 182 
effect on transition intervals, 85ff, 93 
in alcoholic solution, 103 
Tetra bromo m-cresol sulphone phtha- 
lein. See Brom cresol blue 
Tetra bromo phenol sulphone phthalein. 
See Brom phenol blue 
Theories of indicator action, 233 ff 
Thymol blue, best py range of, 153 
effect of temperature on, 89, 92 
salt error, 174 
sensitivity ratio, 100 
transition interval, 60 
Thymol phthalein, 68 
effect of alcohol on, 95 
effect of temperature on, 87 
minimum perceptible concentration 
of, 82 
sensitivity ratio, 99 
titration exponent, 107 
transition interval, 59, 82 
Thymol sulphone phthalein. See Thy- 
mol blue 
Titration, accuracy of, 108 
excess of reagent, 106 
indicators for, 106, 131, 132 
of acids, summary, 131 
of bases, summary, 132 
of bound acid or alkali, 126ff 
of mixtures of acids or bases, 121ff 
of polyacid bases or polybasic acids, 
117 
of strong acids with strong bases, 
110 
of weak acids with strong bases, 112 
of weak bases with strong acids, 
116 
of weak bases with weak acids, 125 
using mixed indicators, 109 
with N acid or base, 128ff 
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Titration error, 113ff 
and dissociation constant, 113, 123, 
127 
and titration exponent, 115 
with strong acid and base, 110ff 
with weak acid and strong base, 113 
Titration exponent, pr, 105 
and indicator concentration, 109 
and indicator exponent, 106 
Transition intervals of indicators, 55ff 
curves of, 57 (also chart at end of text) 
effect of indicator concentration on, 
78 ff 
effect of temperature on, 85ff 
magnitude of, 56, 57, 77, 152 
tables of, 59-61, 254 
Tropeolin 0, 66 
sensitivity ratio, 99 
transition interval, 59 
Tropeolin 00, 63 
effect of temperature on, 92 
sensitivity ratio, 100 
transition interval, 59 
Tropeolin 000, 66 
Turmeric paper, 230 
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V 
Vitamins, and py, 209 


WwW 


Water, carbonate-bicarbonate ratio, 192 
chemically pure, 190 
distilled, 188ff, 202 
drinking, py of, 190, 194 
ionization of, 1 
ionization constant of, 1, 2, 248 
mineral, 196 
neutral, 189 
sea, 195 
x 


Xylene cyanole red F. F., 110 
Xylene blue, 61 
advantages of, 72 
properties of, 72 


Z 
Zinc chloride, testing of, 204 
Zinc phenol sulphonate, testing of, 205 
Zinc sulphate, testing of, 204 
Zwitterionen. See Hybrid ions 
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